University of South Carolina

Scholar Commons
Theses and Dissertations
2017

Statistical Mechanics of Lipid-Liquid Crystal Systems: From
Fundamentals to Sensing Applications
Donya Ohadi Kabir Maghsudlu
University of South Carolina

Follow this and additional works at: https://scholarcommons.sc.edu/etd
Part of the Chemical Engineering Commons

Recommended Citation
Ohadi Kabir Maghsudlu, D.(2017). Statistical Mechanics of Lipid-Liquid Crystal Systems: From
Fundamentals to Sensing Applications. (Doctoral dissertation). Retrieved from
https://scholarcommons.sc.edu/etd/4364

This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please
contact digres@mailbox.sc.edu.

STATISTICAL MECHANICS OF LIPID-LIQUID CRYSTAL SYSTEMS:
FROM FUNDAMENTALS TO SENSING APPLICATIONS
by
Donya Ohadi Kabir Maghsudlu
Bachelor of Science
Sharif University of Technology, 2008
Master of Science
University of Tehran, 2011

Submitted in Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy in
Chemical Engineering
College of Engineering and Computing
University of South Carolina
2017
Accepted by:
Mark J. Uline, Major Professor
John W. Weidner, Committee Member
Melissa A. Moss, Committee Member
Tarek Shazly, Committee Member
R. Michael Gower, Committee Member
Cheryl L. Addy, Vice Provost and Dean of the Graduate School

© Copyright by Donya Ohadi Kabir Maghsudlu, 2017
All Rights Reserved.

ii

ACKNOWLEDGEMENTS
I would like to thank all the people that helped me and supported me during my
PhD studies. First, I would like to thank my advisor Dr. Mark J. Uline for his support and
commitment to my education. I want to acknowledge Dr. Melissa Moss, Dr. John
Weidner, Dr. Tarek Shazly, and Dr. Michael Gower for serving on my dissertation
committee, supporting me, and providing valuable feedback on my research.
I want to thank my lab mates, Dr. Ebtisam Aldaais, Nick van der Munnik, Celeste
Kennard, and Merina Jahan for their help, support, and all the good memories during the
last five years.
I also want to thank Dr. Weidner and Dr. Heyden, and Ms. Marcia Rowen to give
me the opportunity of serving on the graduate program committee at the Department of
Chemical Engineering. It was such a great experience and I really enjoyed working with
them.
I want to thank my mom, Leila and my dad, Massoud for their endless love and
support. They are such kind, caring, and supportive parents. Finally, I would like to thank
Behrad, my lovely husband. His love, support, and encouragement always keep me
moving forward.

iii

ABSTRACT
Understanding the thermodynamics of small systems has a well-established
history. The non-intuitive behavior of the intensive properties of small systems comprised
of less than a few hundred particles has important implications in many areas of
engineering and materials science. Nevertheless, many open questions about the
thermophysical properties of systems not in the thermodynamic limit remain unanswered.
In the first part of this work, we explore the consequences of the coupling of two small
subsystems that together make up a larger isolated system through the use of statistical
mechanics and molecular dynamics simulations of Lennard-Jones particles in two
dimensions. The results from this study show that the average thermodynamic
temperature and the average thermodynamic pressure of both subsystems can be
different, with the relative difference being based on the number of particles making up
the two subsystems. We also provide theoretical and simulation proof that the chemical
potential of the two subsystems do not need to be the same if the temperature and
pressure of the two subsystems are the same, as would be the case in the macroscopic
limit.
Ligand-receptor binding has traditionally been monitored by techniques that
either requires a label to be attached to the analyte or complex optical methods to be
detected. Phospholipid monolayers coupled with thermotropic liquid crystals as a
responsive support can be used as a label-free biosensor. The hydrophobic acyl chains of
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the lipids contact the hydrophobic liquid crystal surface and the polar lipid head groups
are presented to specific binding events involving proteins, enzymatic reactions, viruses,
bacteria, etc. The mechanism by which lipid anchoring effects the liquid crystal surface
remains to be elucidated. Therefore, a molecular study of the phospholipid/liquid crystal
interface to determine the mechanisms by which binding events are transmitted from the
analytes to the liquid crystal layer is crucial for the design of novel sensors. In the second
part of this study, through a molecular model, we mimic the experimental systems by
specifying interaction energies and their positional and angular dependencies. Our model
allows us to fully characterize the organizations of phospholipids within the monolayer
and

also

the

orientations

of

liquid

v

crystals

in

the

bulk.
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CHAPTER 1
INTRODUCTION
In this study, our aim is to study the statistical thermodynamics of interfaces,
bulk, and the coupled finite systems through energy and entropy contributions. The recent
advances in biotechnology and chemical industries have stimulated the research to
understand the properties of soft matter such as liquid crystals, polymers, colloids, selfassembling amphiphilic systems, and surfactants. They all consist of large structural units
and show significant responses to small external perturbations (Doi 2011). Soft matter is
characterized by weaker interactions than hard materials and stronger than those of a
single molecule (Safran 2002). In order to understand the bulk behavior of the soft
matter, we need to understand the interfacial properties of them (Safran 2002). The
systems that are studied here are homogenous in the x-y plane and the size of the system
in the z-direction (bulk) can be up to 100 µm.
Equilibrium density functional theory methods in statistical mechanics allow us to
incorporate atomistic and molecular interactions at much lower cost than simulations
(Oxtoby 2002). In first order phase transitions, defining a proper order parameter such as
density or orientational plays a very important role in characterizing the phase transition.
When we minimize the free energy as a function of that order parameter, we find stable
phases and coexistence by solving several simultaneous nonlinear equations. External
potentials can be added to this equation to simulate the effect of walls (Oxtoby 2002).
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In chapter two we are going to study thermodynamic properties of the coupled
finite systems. Based on two different classical definitions of entropy in literature, we are
going to examine which of these two definitions are thermodynamically consistent. We
derive the thermodynamic properties of small systems through a statistical mechanics
approach and then we verify the results by comparing them to molecular dynamic
simulations in the microcanonical ensemble.
Self-assembling amphiphilic molecules such as phospholipids are made of both
hydrophobic (tails) and hydrophilic ester group (head group) parts and These surfactant
molecules that reduce the surface tension of water, have hydrocarbon chains that are
attached to a polar head group. These self-assembling amphiphilic molecules can be
found in biological systems in nature to drug encapsulation systems in the biotechnology
industry. In chapter three, we are going to model the lipid monolayers on air/water
interface. Lipid monolayers at the air/water interface are excellent model systems for
various areas of science. In physics and chemistry, they can be used as models to study
surface phenomena, such as adsorption, surface activity, wetting, ordering, and phase
transitions.
Liquid crystals are anisotropic molecules (rod-like molecules) with the
orientational order but no translational order. Therefore, they are usually called
mesophases of matter meaning that they are between solid and liquid phases. Their
orientational sensitivity to small external fields can be used to control their optical
properties (Safran 2002). Liquid crystals have a variety of applications in industry; from
electronic displays to drug delivery applications (Guo et al. 2010). In chapter four, we
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will be investigating the effect of phospholipid self-assemblies on the orientational
ordering of liquid crystal molecules.
Our general approach is to develop a mean field theory to the understanding of
these biological interfaces. For lipid monolayers, we model the exact structure of the
molecules. However, for liquid crystals, we use a coarse-grained approach by lumping
many structural details into some phenomenological constants that are obtained from the
experimental and analytical analyses. For the study of coupled finite systems, there will
be no molecular structure and we only have particles that represent an ideal gas or a real
gas.
In order to study interface stability, equilibrium, and fluctuations of these systems,
we need to minimize the free energy functional as a function of density which is a
function of configuration. Meaning that the system will adapt a configuration to minimize
the difference between te entropy and the internal energy.
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CHAPTER 2
THERMODYNAMIC PROPERTIES OF SMALL SYSTEMS
At the macroscopic scale, the system contains very large number of the molecules
and it can be characterized by thermodynamic properties, such as temperature, pressure,
volume, entropy, and free energy. However, at the microscopic scale, individual
molecules of the system are characterized by kinetic energy and potential energy as a
function of momentum and position of the molecules. Through a statistical mechanical
approach, we can relate the thermodynamic properties of the system at the microscopic
level to the macroscopic level.
In an isolated system with fixed volume, each snapshot of the system (at any
instant) is called a microstate. Macroscopic properties of the system can be obtained by
taking the average of these thermodynamic properties over the microstates in an isolated
system. According to the first fundamental postulate of statistical mechanics (Equal A
Priori Probability), all of these microstates are equally probable in an isolated system.
This probability is mathematically defined as:

Pi 

1
 ( N ,V , E )

(2.1)

In which i is the microstate,  ( N ,V , E ) is the number of microstates at fixed number of
particles, volume, and energy.
In order to calculate the time average, we need to observe these snapshots of the system
for a long enough time. However, according to the second fundamental postulate of
4

statistical mechanics (ergodicity), for an isolated system, the time average, and the
ensemble average are equivalent. Meaning that a large number of observations made on a
single system at arbitrary instants of time have the same statistical properties as observing
arbitrarily chosen systems at the same time from an ensemble similar systems
(McQuarrie 2000).

X

e

 X

(2.2)

t

Because of the fact that microcanonical ensemble holds a special place in the
fundamentals of the statistical mechanics and all of the other ensembles can easily be
derived from the microcanonical ensemble, it is critically important that we have a formal
definition of entropy since it’s the control variable for equilibrium for this ensemble. The
entropy of an isolated system or Boltzmann entropy is defined as:

S  k B ln  ( N ,V , E )

(2.3)

In which k B is Boltzmann constant. This is a fundamental equation that relates the
thermodynamic properties of a system at macroscopic level to the statistical properties of
the system at the microscopic level. Based on fundamentals of statistical mechanics, for
an isolated system, the ensemble averages can generally be defined as:

X i   Pi X i 
i

1
X
 ( N ,V , E ) i i

(2.4)

Using this expression to calculate the entropy, we will get:
S   Pi X i  k B  Pi ln  ( N ,V , E )  k B  Pi ln Pi
i

i

i

(2.5)

This entropy which is a function of microstate probabilities is called Gibbs entropy
equation. There has been considerable debate in the literature over many years regarding
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the classical definition of entropy in the microcanonical ensemble. There are two
different classical definitions of entropy: Boltzmann-Planck entropy and Gibbs entropy.
The difference between these two is that Boltzmann entropy uses the delta function and
the Gibbs entropy uses the Heaviside step function. Following is the brief introduction of
the general arguments for using both definitions.

2.1.Classical Definitions of Entropy
There are two commonly used classical definitions of entropy. Boltzmann-Planck
entropy (or surface entropy) for an isolated system is defined as:

Ssurf  kB ln 

(2.6)

 is defined by an integral over the phase space density (PSD) (Gross and Kenney
2005):

 ( N ,V , E ) 

E  0


E

d







 
p d 3N q
 (q , p)
N
N !2 
3N

(2.7)

The density function is defined as:

 
  1 E  H (q , p)  E   0
 (q , p)  
otherwise
0

(2.8)

Then, we can write:

 ( N ,V , E )   0 

where

d







p d 3N q
 
 E  H (q , p)
N
N!2 
3N

(2.9)

 0 is the macroscopic energy resolution, and  is the delta function. The only

states that contribute to the partition function are those with Hamiltonian exactly equal to
the energy of the system. This actually means that  ( N ,V , E ) is the sum over all
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E  Ei  E   0 . Phase space density requires the
microstates with fixed N , V , and with
energy of the system to always be equal to the Hamiltonian.
The Hamiltonian of the system is defined as:
2

N
 


p
H (q , p)  KE  p   PE q    i  (r )
i 1 2mi

(2.10)

The partition function can now be written as:
1
 ( N ,V , E ) 
3N
N!2 



(

3N
1)
2

d

3N

VN

r d

3N

2
N


pi

pi 0 E  
 (r ) 


i 1 2mi



(

3N
2

m
d 3 N r  E  (r ) 
N 
3N

3N 
E

N !2  2 ( ) V N V 
2

 0V N E

(2.11)

3N
1)
2

(2.12)

The other definition that has been suggested for entropy is based on integral over
the phase space volume (PSV) (Gross and Kenney 2005) and is called Gibbs entropy or
volume entropy:

Sbulk  ln 
( N ,V , E )  

(2.13)

d







 
p d 3N q
E  H (q , p)
N
N !2 
3N

(2.14)

E E (
Which is actually the sum over microstates with fixed N , V , and with i
 
H (q , p)  E ).  is the Heaviside step function. The phase space volume requires that
Hamiltonian of the system be equal or less than the energy of the system.
These two expressions are equivalent in the macro (a large number of particles) limit, but
they are different in the small system limit.
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In order to get ensemble averages, it is well known that one must use the probability that
is defined by the phase space density (







X     X  d 3 N p d 3 N q

 ):



(2.15)

According to Gibbs entropy formula, the entropy as a function of microstate probabilities
is defined as:
S  k B  pi ln pi

(2.16)

i

Using Gibbs entropy formula and the same density that we use to get the ensemble
averages, we will get the Boltzmann-Planck entropy:









S  k B     ln  d 3 N p d 3 N q  k B ln 

(2.17)

But if we use the density defined by phase space volume to define the entropy, we have
actually mixed these two different definitions of the density of space. However, this
entropy with phase space volume gives us the temperature and the pressure that matches
what is derived from the equipartition theorem (Hilbert, Hänggi, and Dunkel 2014).









S  k B     ln  d 3 N p d 3 N q  k B ln  

(2.18)

2.2.Definitions of Temperature and Pressure
There are two definitions of temperature and pressure that are equivalent in the
macro limit but different in the small system limit. The thermodynamic temperature,
which is obtained directly from taking the derivative of the Boltzmann-Plank entropy
with respect to the energy at fixed particle number and volume:

dS 

1
P

1
 S 
dE  dV  dN    
T
T
T
 E  N ,V T

(2.19)
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 S 
  ln  
S ( N ,V , E )  k B ln  ( N ,V , E )     k B 

 E  N ,V
 E  N ,V

(2.20)

1
  ln  
 d .N  1

 1
 
kBT  E  N ,V  2
 KE

(2.21)

The kinetic temperature, which is the same as that obtained from the equipartition
theorem, can be derived by taking the energy derivative of the Gibbs Entropy Definition
as long as the averages are taken with the phase space density:

 2 
k BTK  pi   pi H  
 KE
 d .N 

(2.22)

There are also two definitions of the pressure which are again the same in the
macro limit but different in the small system limit. The thermodynamic pressure, which
is obtained directly from the phase space density partition function:

dS 

1
P

P
 S 
dE  dV  dN  
 
T
T
T
 V  E , N T

(2.23)

 S 
  ln  
S ( N ,V , E )  k B ln  ( N ,V , E )  
  kB 

 V  E , N
 V  E , N

(2.24)

P
  ln  


k BT  V  E , N

(2.25)

The mechanical pressure, which is again obtained from the equipartition theorem, can be
derived by taking the volume derivative of the Gibbs Entropy definition as long as the
averages are taken with the phase space density:
PM  ri   ri H

(2.26)

Even though the kinetic temperature and the mechanical pressure that is derived from the
phase space volume are the same as those obtained from the equipartition theorem, the
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chemical potential which is another important property of the system at equilibrium is not
the same.
Using the other definition of the entropy (PSV):

1
  ln  
 d .N  
 d .N  1


 


k BT  E  N ,V  2   0   2  KE

(2.27)

 2 
k BTK  pi   pi H  
 KE
 d .N 

(2.28)

 k BTK  k BT

(2.29)

Following the same reasoning we will get:
PM  P

(2.30)

To make a distinction between these two definitions we are going to look at two
subsystems that together form an isolated system and look at the interactions between
those two subsystems. We design three experiments and we study the equilibration under
the transfer of energy, the change of volume and energy, and the change of particles and
energy to relate the various temperatures, pressures, and chemical potentials at
equilibrium. We can derive these properties exactly for an ideal gas. We will also show
that these results hold for a real gas through molecular dynamics simulations of LennardJones particles in two dimensions.

2.3.Experiment 1: Equilibration under the Exchange of Energy
Two closed and rigid subsystems are initially separated by an adiabatic partition
and then after some time the partition becomes diathermal and allows the exchange of
energy between the subsystems. We assume that there is no chemical reaction in the
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system and the density of the particles is fixed. The energies of the subsystems are E1
and E2 , and the total energy is fixed:

Etotal  E1  E2

(2.31)

Energy Exchange

a

b

Figure 2.1- (a) Two separate isolated systems before thermal contact, (b) Two subsystems
exchanging energy through a diathermal partition.

The driving force for the system to reach equilibrium is through the equipartition of the
total energy of the combined system. According to the second law of thermodynamics,
the total entropy is maximal when the system reaches equilibrium:

Stotal E, E1   S1 ( E1 )  S2 ( E2 )

(2.32)

 dStotal E , E1  

  0
dE
1

 N ,V

(2.33)

 S1 E1  
 S ( E ) 
 S E  
 S ( E ) 

   2 2    1 1    2 2   0
 E1  N ,V  E1  N ,V  E1  N ,V  E2  N ,V

(2.34)

 S1 E1  
 S ( E ) 

   2 2 
 E1  N ,V  E2  N ,V

(2.35)

Then, for S ( N ,V , E )  k B ln  ( N ,V , E ) , we should have:
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1
1

T1
T2

(2.36)

2.3.1. Experiment 1- Ideal Gas (Theory)
To calculate the averages, we use the probability distribution function which is
derived from the partition function. Using PSD entropy definition, when the two
subsystems reach equilibrium their thermodynamic temperatures are always the same:

  ln i 
1
d .N i
1
  
 
 1
k BTi  Ei  N ,V  2
 Ei

i N i ,Vi , Ei  

 0  2m 
h d . Ni

1
k BTi

1
Ei

d . Ni
2

(2.37)
d . Ni

Vi Ni  Ei 2
 d .N i 
 
  Ni!
 2 

1

(2.38)

 d .N i
 1

 1
 2
 Ei

(2.39)

 d .N tot

 1

E 1
2
 1

pEi dE i  
0 E
 d .N i
 E
i
 1 tot

 2


(2.40)

1

1
k BTi



Etot
 d .N tot

 1

 2


(2.41)

Which means that for subsystem-1 and subsystem-2 we will get:
1

1
kBT1

1

1

k BT 2

(2.42)
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However, if we try to calculate the kinetic temperature of the two subsystems, then we
find that these can be different, and this difference is related to the number of particles in
each of the subsystems:

k BTi 

Ei
 d .N i

 1

 2


(2.43)

Ei
 d .N i

 1

 2


k BTi 

Ei   Ei pEi dE i 
E

0

k BTi 

(2.44)

Etot Ni
Ntot

(2.45)

Etot  N i
 d .N i

 1  Ntot

 2


(2.46)

Therefore:
k BT1  k BT 2

(2.47)

With PSV definition, the average thermodynamic temperature can be different depending
on the particle numbers:

  ln i 
1
d .N i 1
 
 
k BTi  Ei  N ,V
2 Ei

i N i ,Vi , Ei  

1
k BT i



2m

d . Ni
2

(2.48)
d . Ni
2
i

Vi  E
 d .N i 
h d . Ni  
 1  N i !
 2

Ni

(2.49)

d .N i 1
2 Ei

(2.50)
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1

1
k BT i

 d .N i

 1

2 Etot  2



d
.
N
d .N i 

tot
 1

 2


1

1
k BT1

(2.51)

1

1

k BT 2

(2.52)

However, the kinetic temperatures are always equal when the systems are in equilibrium:

k BT i 

k BT i

Ei
 d .N i 


 2 

(2.53)

 Ni 


Ei
N
tot


 Etot 
 d .N i 
 d .N i 




 2 
 2 

(2.54)

2 Etot
d .Ntot

(2.55)

k BT1  k BT 2

(2.56)

k BT i 

It can also be concluded that for a small system, the average of inverse temperature is not
equal to the inverse of the average temperature:

1
1

( small  systems)
T
T

(2.57)

2.3.2. Experiment 1- Real Gas (Molecular Dynamics Simulation)
The temperature, the mean pressure, and the chemical potential of the system are
calculated through a molecular dynamics simulation of a small number of particles
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interacting via the Lennard-Jones potential in two dimensions. First, the forces on the
particles due to the other particles and also the walls are calculated:

Fij  U ij (r )

(2.58)

 
U ij r   4 
 rij


12
6

  
   

r  

 ij  

(2.59)

According to Newton’s second law, the acceleration of particles is obtained by the total
force on the particle:

ri t  

1
mi

 F r t 
N

i j

ij

ij

(2.60)

Then using the Verlet algorithm, we integrate this expression for each molecule i in the
system at each time step and update the positions and velocities. The energy of the
system which is composed of the kinetic energy and the potential energy can be written
as:



E  H r N , pN



 

 

 KE p N  PE r N

 

 KE  U r N

(2.61)

The kinetic energy of the system can be calculated as:

KE 

d
1 N
Nk BT   mi vi2
2
2 i 1


1 N  t
  mi
2 i 1  t max




1 N  t
2
vi nt     mi 

2 i 1
t
n 1

 max
t max
t

(2.62)

N N

 F ( rij )rij n  

n  1  i 1 j 1


t max
t





(2.63)

Using the kinetic energy, the temperature can be calculated:

T

2 KE
1

d .Nk B d .Nk B

N

m
i 1

i

vi2
(2.64)
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Using the Virial Theorem, the pressure is calculated as:

PV  NkBT 

1
3

 r F (r )
i

j i

ij

ij

ij

(2.65)

The chemical potential of the system is calculated via the Widom particle insertion
method:

  k BT ln

 N 1
N

(2.66)

First, we calculate the temperature in the two boxes without them interacting with each
other. We need these two boxes to be at the same temperature and therefore, we fix the
kinetic energy of the two of them. Then we will have two systems that are at the same
temperature and then after some time, we let them interact with each other. Because they
are at the same temperature, when we allow them to interact with each other, the
temperature should stay the same. But when we have a small number of particles, the
temperature will go up. In other words, the temperature is not acting like a temperature.
This is in agreement with other studies that state temperature is not the primary state
variable of an isolated system (Hilbert, Hänggi, and Dunkel 2014).
The simulation results for subsystems with an equal number of particles are shown in
Table 2.1.

Table 2.1- Simulation results for experiment-1 with an equal number of particles in two
subsystems

N1=N2=30
ω

Ω
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1

1
k BT1

1

 0.24 (1.9E - 005)

1
k BT1

 0.24 (2.42E - 005)

1
k BT 2

1

1
k BT 2

 0.24 (1.9E - 005)
1

 0.24 (2.42E - 005)

k BT1  0.25 (5.27E - 002)

k BT1  0.24 (5.27E - 002)

k BT 2  0.25 (4.15E - 002)

k BT 2  0.24 (4.15E - 002)

As it can be seen from Table 2.1, average one over kBT and average kBT are equal for
both subsystems for both entropy definitions. But when we have a different number of
particles in each subsystem we get equal average one over kBT for PSD and equal kBT for
PSV (Table 2.2) which is in agreement with the results derived from the ideal gas.

Table 2.2-Simulation results for experiment-1 with different number of particles in two
subsystems

N1(25) ≠ N2(35)
ω

Ω

1

1
k BT1

1

 0.26 (1.21E - 005)

1
k BT1

 0.26 (8.69E - 006)

1
k BT 2

1

1

1
k BT 2

 0.27 (1.21E - 005)

 0.26 (8.69E - 006)

k BT1  0.27 (8.23E - 002)

k BT1  0.26 (8.23E - 002)

k BT 2  0.26 (1.15E - 001)

k BT 2  0.26 (1.15E - 001)
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2.4.Experiment 2: Equilibration under the Exchange of Volume and Energy
Two closed subsystems are initially separated by a fixed diathermal partition until
after some time the partition is allowed to move and exchange heat. The schematic of the
system is shown in Figure.2.2.

Energy Exchange

v

a

b

Figure 2.2- (a) Two separate isolated systems before thermal contact, (b) Two subsystems
exchanging energy and volume through a diathermal piston.

When we have a diathermal movable piston between the two subsystems, so that
the total volume is fixed, but the individual volumes may change, in addition to

Etotal  E1  E2 we should also have:
V  V1  V2

(2.67)

S V   S1 (V1 )  S 2 (V2 )

(2.68)

 S1 V1  
 S (V ) 

   2 2 
 V1  E , N  V2  E , N

(2.69)

Then, for S ( N ,V , E )  k B ln  ( N ,V , E ) , we will get:
P1
T1



P2
T2

(2.70)
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2.4.1. Experiment 2- Ideal Gas (Theory)
We derive these averages again with the help of probability distribution function
but this time both energy and volume are changing. The results from the second
experiment show that once equilibrium is attained, with PSD entropy, the thermodynamic
temperature, and the thermodynamic pressure are equal in both subsystems.

  ln i 
N
  i
 
k BTi  Vi  E , N Vi
Pi

(2.71)

P
1
 Ni
k BT
Vi

(2.72)

V E 1
N  1
1
 
pEi ,Vi dE i dVi  tot
0 0 V
Vi
Vtot Ni
i

(2.73)

N  1
P
 tot
k BT
Vtot
P1
k BT1



(2.74)

P 2
k BT 2

(2.75)

The kinetic temperature and the mechanical pressure of both subsystems can be different,
with the relative difference again being based on the number of particles making up the
two subsystems:
Pi 

k BTi N i

Pi 

Vi



Ei
Ni
 d .N i
V
 1 i

 2


(2.76)

Ei
Ni
Vi  d .N i

 1

 2


(2.77)
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V E E
Ei
   i pEi ,Vi dEi dVi
0 0 V
Vi
i

Pi 

(2.78)

d .Ni  ( Ntot  1).Etot
d .Ntot  1   d .Ni  1.Vtot
 2


(2.79)

P1  P 2

(2.80)

However, with PSV entropy, the kinetic temperature, and the mechanical pressure are
always equal in equilibrium:

  ln i 
N
  i
 
 Vi  E , N Vi

P i
k BT i
P i
k BT i

P1
k BT1

 Ni



(2.81)

N  1
1
 tot
Vi
Vtot

(2.82)

P 2
k BT 2

(2.83)

Using PSV entropy definition, the thermodynamic temperature, and thermodynamic
pressure are not always equal and the difference depends on the number of particles in
both subsystems. Which again would be the case with the small size system.
P i 

k BT i N i

P i 

N i Ei
2 Ei

d
.
N
Vi 
d .Vi
i 


 2 

(2.84)

2 Ei
( N tot  1).Etot

d
d .Vi
 .N tot 1 
   Vtot

2
 2

(2.85)

Vi
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P1  P 2

(2.86)

2.4.2. Experiment 2-Real Gas (Molecular Dynamics Simulation)
The simulation results also show equal pressures for an equal number of particles
(Table 2.3) and different pressures for subsystems with a different number of particles
(Table 2.4).

Table 2.3- Simulation results for experiment-2: calculated pressures for equal number of particles

N1=N2=25
ω

Ω

P1  0.31(3.59E - 005)

P1  0.31(3.59E - 005)

P2  0.31(2.82E - 005)

P 2  0.31(2.80E - 005)

Table 2.4 - Simulation results for experiment-2: calculated pressures for different number of
particles

N1(20) ≠ N2(30)
ω

Ω

P1  0.25 (5.63E - 005)

P1  0.25 (5.71E - 005)

P2  0.26 (7.80E - 005)

P 2  0.26 (7.98E - 005)
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2.5.Gibbs-Duhem Equation
Hill (Hill 1962) showed that the Gibbs-Duhem expression is modified for the
small systems. In macroscopic thermodynamics, the Gibbs Duhem requires that:

ST  E  PV    0

(2.87)

Therefore, if T1  T2 and P1  P2 , then from this definition we must have:

1  2

(2.88)

However, for small systems the Gibbs-Duhem is modified to not be equal to zero, so
even though T1  T2 and P1  P2 from experiment 2, it does not mean that chemical
potentials are equal. They’re both non-zero, and when we take the limit as N goes to
infinity, those become zero. We verified this with both exact results for the ideal gas and
using Widom’s Theory for the simulations:

 d .N  
 N  

  d .N 

S
E
PV N 2  2 N  d .N
 2 

PSD : 



 ln  

E
.
N
!


N
ln


  d .N  1  
k B k BT k BT k B T
2
  2 


 
2
  (2.89)
 

 d .N  
 1 
 N  
  d .N  
S
E
PV N  2 N  d .N
2



PSV : 



 ln  
 1.N!  N ln

k B k B T k BT k B T
2
 d .N  1  
 
  2
 1 
 
2
  (2.90)
 

N 

S
E
PV N



0
k B k BT kBT k BT

(2.91)

So far, both the PSV and PSD definitions yield acceptable definitions for the
temperature and the pressure for subsystems that exchange energy and volume. In the
next section, we are going to obtain the chemical potentials when the systems exchange
particles.
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2.6.Experiment 3: Equilibration under the Exchange of Particles and Energy
For this experiment, first we have two closed and adiabatic subsystems but then
after some time, the partition between these two becomes diathermal and also allows the
particle exchange. The schematic of the system is shown in Figure.2.3.

Energy Exchange

N

a

b

Figure 2.3- (a) Two separate isolated systems before thermal contact, (b) Two subsystems
exchanging energy and particles.

When we have a diathermal partition between the two subsystems, so that the
total number of particles is fixed, in addition to

Etotal  E1  E2 we should also have:

N  N1  N 2

(2.92)

S N   S1 ( N1 )  S 2 ( N 2 )

(2.93)

 S1 N1  
 S ( N ) 

   2 2 
 N1  E ,V  N 2  E ,V

(2.94)

Then, for S ( N ,V , E )  k B ln  ( N ,V , E ) , we will get:



1

T1





2

T2

(2.95)
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2.6.1. Experiment 3: Ideal Gas (Theory)
The results from the third experiment show that once equilibrium is reached, with
PSD entropy, the thermodynamic temperature, and the average chemical potential
multiplied by the inverse thermodynamic temperature are equal in both subsystems.

dS 

1
P


 S 
dE  dV  dN  
 
T
T
T
T
 N  E ,V

 S 
  ln  
S ( N ,V , E )  k B ln  ( N ,V , E )  
  kB 

 N  E ,V
 N  E ,V


(2.96)

(2.97)



  ln  
 

k BT
 N  E ,V

 
exp 1
 k BT
1



 
  exp  2

 k BT
2



 

 

(2.98)





(2.99)

exp 1  exp 2

(2.100)

The average thermodynamic temperature and the average chemical potential of both
subsystems can be different, with the relative difference again being based on the number
of particles making up the two subsystems.
Therefore, with phase space density using the delta function, the chemical
potential over k BT are always equal and the chemical potential not divided by k BT are
not equal. However, with phase space volume entropy using the Heaviside function, the
average chemical potentials for two subsystems are never equal for two subsystems in
equilibrium with a different number of particles. Even though the temperatures and the
pressures are equal when two subsystems exchange energy or energy and volume, if they
exchange mass we will never get chemical potentials derived from PSV be equal across
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the system boundary. There isn’t an equivalent expression for the equipartition theorem
for the chemical potential. This means that the PSV entropy formula can never produce
an acceptable result for the chemical potential for small systems.
 1
exp
 k BT
1



 
  exp  2

 k BT
2



 

 






(2.101)

exp  1  exp   2

(2.102)

2.7.Conclusions
As we saw here, if we take two small systems with equal temperature and then
allow them to be in thermal contact, their temperature increases to a new same
temperature at equilibrium and entropy increases which is consistent with the second law.
Both entropy definitions lead to identical results in the thermodynamic limit but yield
different results at small system sizes. We can’t use both Ω and ω interchangeably to
describe the same ensemble average. For each statistical mechanic ensemble, we should
employ a single partition function to generate all of the properties of the system. Only,
integral of the Phase Space Density leads to physically consistent results for the chemical
potential and should be used in all calculations. With PSV entropy we will never have
equal chemical potentials for two subsystems in equilibrium. The only reason that the
PSV Entropy seems to work in regard to the temperature and the pressure is a
mathematical curiosity that the derivatives of the Phase Space Volume yield the same
results as those obtained by the equipartition theorem.
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CHAPTER 3
MOLECULAR MODELING OF LIPID MONOLAYERS
The lipid bilayer as a barrier in the cell membrane and its interactions with ions,
proteins and other molecules makes the study of the lipids mixture very important. Lipidlipid, lipid-protein and protein-protein interactions are the most important interactions in
the cell membrane (Bennett and Tieleman 2013). Phase transitions of the lipid mixtures
with the fluctuation of density are known to play a very important role in cell membrane
function (Duncan and Larson 2008). Biomembranes lipid packings are known to be
closely related to their biological functions (Miyoshi and Kato 2015). Because of the
similarities in lateral interactions of monolayers and bilayers, phospholipid monolayers at
the air/water interface can be considered as 2D models of biological membranes and their
theoretical models are comparable (Stefaniu, Brezesinski, and Möhwald 2014). Except
for the gaseous phase in the monolayer, all other phases may be observed in the bilayer.
Also, monolayers of amphiphilic molecules at the air/water interface can give us indirect
information about interactions with ions, DNA, drugs, polymers, etc. (Stefaniu,
Brezesinski, and Möhwald 2014). Therefore, the molecular level study of lipid mixture
monolayer can help us to understand the most important interactions in the cell
membrane.
Langmuir monolayers have been studied through different techniques such as surface
pressure-area isotherms, atomic force microscopy (Guzman et al. 2012; Yuan and
Johnston 2002; Qiao et al. 2013), Brewster angle microscopy (Miñones et al. 2009;
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Małgorzata Jurak and Miñones Conde 2013; Guzman et al. 2011), fluorescence
microscopy (Yuan and Johnston 2002) , ellipsometry (Kim, Kim, and Byun 2001), nearfield scanning (Yuan and Johnston 2002), x-ray diffraction (Ivankin, Kuzmenko, and
Gidalevitz 2010; Lin et al. 1990), and Nonlinear optical techniques (Dynarowicz-Ła̧tka,
Dhanabalan, and Oliveira 2001).
The history of experimental studies of surfactant monolayers began by
publications of Harkins and Langmuir in 1930s (Evans, Rawicz, and Smith 2013). Irving
Langmuir was the first one to study a floating monomolecular layer on the water surface.
The surface pressure is defined as the difference between the surface tension of a surface
covered with surfactants and the surface tension of a bare surface. Because of the
difference between attractive forces from the molecules in the bulk below the surfactant
interface and the molecules above the interface, an asymmetric force distribution is
created which is called surface tension. Surface pressure-area isotherms of surfactant
mixtures at the surface can be used to obtain the phase diagrams of mixtures.
The fact that the pressure-area isotherms of lipid monolayers can vary depending
on experimental factors shows the significance of modeling of the lipid mixtures.
Experimental conditions can incredibly change the surface pressure isotherms.
Temperature, solvent, subphase, compression rate, purity of the lipids, dust
contamination, experimenter’s skill, etc. may influence the obtained isotherms (Huynh et
al. 2014; Miyoshi and Kato 2015).
Molecular modeling of a monolayer of a mixture of phospholipids provides us
molecular-level insight into the structure and behavior of phospholipids mixtures that
may not be possible to obtain experimentally. Although the macroscopic behavior of the
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lipids is easy to observe in experiments, molecular details and energetics are hard to
obtain in experiments (Bennett and Tieleman 2013). The shape and size of the lipid
coexistence domains at the air-water interface can vary based on chemical compositions,
temperature, pressure, and sometimes impurities (Mcconnell 1991). Therefore,
understanding the role of each of these parameters along with the structure of the
molecules in the system can help us to obtain the results that may even not be possible to
get experimentally.
Studies of lipid monolayer show that there are seven monolayer phases: gas,
liquid expanded, and five different liquid condensed phases (Knobler 1992). A typical
surface pressure-area isotherm is shown in Figure.3.1.

Figure 3.1 -Schematic of surface pressure-area isotherms.

Different methods such as surface pressure-area isotherms, compressibilitysurface pressure curves (Yu, Jin, and Cao 2002) have been proposed to characterize the
liquid expanded to liquid condensed phase transitions of lipid monolayers. These
methods can be used for both experimental and simulated data. Coarse Grain model
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(Nielsen et al. 2003; Svetlana Baoukina et al. 2007; De Meyer et al. 2010) and atomistic
model (Duncan and Larson 2008; Martinez-Seara et al. 2010) are among most popular
molecular dynamic techniques that are used to model these isotherms. Some studies have
used a simplified or an idealized model that considers the phospholipid molecules as rigid
rods grafted on a uniform substrate on a lattice interacting by a Lennard-Jones potential
(Knobler 1992). Some other more realistic models consider the interactions between all
intermolecular centers and between centers on the same chain for CH2 and CH3 groups
(united-atom approach) (Knobler 1992). In some other approaches, each atom in a chain
is a center of interaction and each of C-C, C-H, and H-C-H bonds are treated differently
(all-atom approach) (Knobler 1992).
Modeling the phospholipid membranes allows us to control the experimental
conditions and other important factors such as lipid composition, surface pressure, and
molecular packing. This would help us understand the properties of lipid membrane such
as phase transitions, coexistence regions, and compressibility of lipids (Huynh et al.
2014). Using molecular modeling we can mimic the experimental systems. We need to
consider the inter- and intra-chain interactions by specifying interaction energies and
their positional and angular dependencies (Knobler 1992).
Despite the fact that there is a significant amount of experimental researches on
the phase behavior and the surface pressure-area isotherms of lipid monolayers, it seems
that there is still considerable uncertainty regarding the phase transition and isotherms of
the system of lipids due to the difference in the experimental conditions, experimental
methods, and long equilibration times. Therefore, a detailed molecular level study of lipid
monolayers at air/water interface to understand the underlying interactions seems to be
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crucial. Our model helps us to understand molecular interactions in monolayers and
provides structural details that cannot be obtained by experiments. It allows us to fully
characterize the conformations and organizations of phospholipids within monolayer.

3.1.Molecular Theory
Cholesterol, phospholipids, and sphingolipids are major lipid components of
mammalian cell membranes (Smaby, Brockman, and Brown 1994). Therefore, many
types of research have been conducted to study their interactions in model membranes.
Phosphatidylcholine (PC) is one of the most common phospholipids in animal cells (HacWydro and Wydro 2007). We are going to investigate the phase behavior of different
mixtures of zwitterionic lipids: DPPC (dipalmitoyl phosphatidylcholine), DOPC
(dioleoyl

phosphatidylcholine),

POPC

(1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) lipids on the air-water interface. We will also study the effect of adding
the Cholesterol to lipid mixed monolayers. The structure of these lipids is shown in
Figure 3.2.

Figure 3.2 -Structure of cholesterol and phospholipids studied in this research.
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Air-water interface is the most relevant surface for understanding the physical
properties of biological membranes. The work done to distort the surface at a constant
number of molecules is related to change in surface area: dw  dA in which  is the
surface tension (force/distance or energy/area).
When phospholipids are placed on the air/water interface, they form a monolayer.
The hydrophilic head group will be solubilized in the water and the hydrophobic fatty
acid tails will be oriented toward the air (Figure.3.3). These molecules reduce the surface
tension of water surface,

 0 and this results in the formation of the surface pressure

   0   . This surface pressure can be affected by temperature, surface area, and the
number of surfactants at the interface.
The phospholipid monolayer reduces the number of water molecules at the
interface and as a result, the surface tension of air-water interface or the energy to distort
the molecules at the interface decreases. This surface tension reduction is affected by
different types of phospholipids, mixtures of phospholipids and density of the
phospholipids at the interface. The schematic of the system under study is shown in
Figure.3.3.

Figure 3.3 - Lipid mixed monolayer at air/water interface.
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According to Flory’s harmonic approximation, the free energy of hydrocarbon
chains and the lateral surface pressure of the chains at planar interfaces depends on
average area per molecule (Evans, Rawicz, and Smith 2013). Two opposing forces
determine the area per molecule of amphiphilic molecules: interfacial hydrophobic
attraction at the hydrocarbon-water interface that tends to decrease the area per molecule,
and headgroup hydrophilic repulsion that tends to increase the area per molecule
(Israelachvili 2011).
Because of the fact that the functional form of free energy, entropy, and other
variables of the system depend on the molecular scale and atomic structure of the system,
we need to use a statistical mechanics approach. Our molecular model is a
thermodynamic approach based on the free energy of Helmholtz. The idea is to write the
free energy of the system as a functional of the different molecular species density
distribution in solution, the conformation probabilities, and the interaction fields.

3.1.1. Modeling of the Hydrocarbon Chains
The free energy functional is written in terms of the probability of finding a
surfactant in conformation 𝛼 or probability distribution function (PDF) of surfactant, (𝛼).
The Helmholtz free energy for a single component lipid monolayer can be written as:

F
N

  ln(

2
e

)  2   P( )ln P( )   ( ) 




2 

  z  z   ( z )  ( z) dzdz



c


    ( z ) 2v  P( ) ( z  z ( ))  1 dz



0

(3.1)

The first term is the translational entropy of the chains. It is also called entropy of
mixing.  is the density of the lipid and  is the thermal De Broglie wavelength of the
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particle. The system is homogenous in the x-y plane with an area per molecule of a and
all of the inhomogeneities are in the z direction.
The second term consists of conformational entropy, P( ) ln P( ) (according to
Gibbs entropy formula) and internal energy of the chains,  ( ) , with P( ) defined as
the probability of finding a hydrocarbon chain with conformation  . Each lipid has two

1

chains; therefore, these terms are multiplied by two.  is defined as kT in which k is
the Boltzmann constant.  ( ) is the internal energy of the different configurations of the
hydrocarbon chain. The single-chain conformations are generated by the rotational
isomeric state model (RIS) (Flory 1975). They are self-avoiding single-chain
conformations. Each CH2 group can have one of these three configurations: trans,
gauche-plus, or gauche-minus with the last two having 0.5 cals/mol higher energy than
the trans configuration.

Figure 3.4 - Rotational Isomeric State Model,  is the bond angle and  is the rotation angle
(Flory 1975).
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The next term represents the intermolecular attraction between the chains. It
shows the effect of the quality of the solvent to chains conformations distribution. It can
be written as:



2 

  z  z   ( z )  ( z) dzdz
(3.2)

  v (r  r )

(3.3)

The chi parameter,  , is a van der Waals mean field term and represents the average
interaction between a molecule segment at the point z and the mean field at z . Each
molecule feels a potential that is a function of the distance between the molecules and the
density,  , shows how many molecules there are at that point. According to van der
Waals, the equation of state for hard spheres only considers the repulsive interactions.
We add a perturbation as attractive energy which is the van der Waals mean field theory.
We assume that  is the attractive part of the Lennard-Jones potential. So  is the
function of the distance between those two points:

 
    
 r12 

6

(3.4)

in which  and  are Lennard-Jones parameters.  is the delta function and r12  r  r  is
the distance between two points.
The ensemble average of the density is defined as:

 ( z )  2   P( ) ( z  z  )


(3.5)

It is multiplied by two because we have two chains.
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Finally, we have an incompressibility constraint over constrained layers. If we
assume that our system of lipids has a liquid-like density, then this liquid-like monolayer
is incompressible, meaning that the volume of the system consists of either lipids or the
solvent. Here, for sake of simplicity, we assume that our solvent is the empty space
between the molecules. Therefore, the ensemble average of the lipid mole fractions
should sum to one. Using this incompressibility constraint, the repulsive interactions
between the segments are taken into account.

c is the constraint height ( 0  z  c ), v

is the volume of the monolayer segment, and  is the Lagrange multiplier. Attractive
interactions make the volume fraction of lipids larger than one and because of this, we
need to constrain the space.  is the Lagrange multiplier.
For a system with constant temperature, volume and number of particles
(canonical ensemble), in order to satisfy the second law, the Helmholtz free energy
should be minimized at the equilibrium. Therefore, to find the equilibrium state we need
to find a probability that minimizes the free energy subject to the incompressibility
constraint. By taking the derivative of the free energy with respect to the probability and
set it equal to zero (equilibrium), we get the following expression for the probability at
the equilibrium:
c
max


1
P( )  exp   ( )  v   ( z ) ( z  z ( ))dz  v  b( z ) ( z  z ( ))dz 
q


0
0

in which

b( z )    ( z )

(3.6)

and q is the partition function. The way that q is defined also

ensures that the probabilities sum to one.
By substituting this probability into the free energy equation, we obtain the
minimized free energy as:
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F



c
1 max
  ln( a)  ln(  )  1  2 ln q  a  b( z )vs  ( z ) dz   a ( z )dz
N
2 0
0

2

(3.7)

As we can see from this equation, b(z ) and  (z ) , which we call b-field and pi-field are
the unknowns of the equation and once we calculate them we can calculate the free
energy and then other variables of the system such as the surface pressure and the
chemical potential:

dF   SdT  dA  dN

F
N

(3.8)

  a  
(3.9)

  F  
 

N 


  
 a 



T , N

 

F
N

(3.10)

 a
(3.11)
o

We discretize the system in layers of   1  thickness in the z direction (total of

m

nl
 layers). Then we will have a new discrete variable zi  i that in which i

shows the layer number.
Therefore, now we can rewrite the equations as:

F
N

c

  ln( a)  ln( 2 )  1  2 ln q    (i )a 

b(i)    (i)  

i 1

2
 P( )n( , i)
a 
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a max
 b(i)v  (i)
2 i 1

(3.12)

(3.13)

x(i )  exp  (i )v 

(3.14)

y (i )  exp b(i )v 

(3.15)

n( , i) is the number of segments of a chain in conformation  and layer i . x(i ) and
y (i ) are the unknowns. We are actually solving for a set of 25 nonlinear coupled
equations for  (i ) (unit of  v ) which is the osmotic pressure in the layer i . As it has
been mentioned before, the intermolecular repulsive interactions are taken into account
by the incompressibility constraint and the intermolecular attractive interactions are
considered by  parameter.

3.1.2. Binary Mixed Monolayer
For the binary system, we will have an additional translational energy term, and
also entropic and energetic terms for the other component of the system. The fact that we
have two molecules in the mixture means that we have three different terms for attractive
energy. For example, for a DPPC/DOPC binary monolayer, we will have the attractive
terms for each of DPPC-DPPC, DPPC-DOPC, and DOPC-DOPC. The following is the
equation used for DPPC/DOPC monolayer:

F
N





 ln 2  1   X s ln X s  X u ln X u  ln a   a

 2 X s  Ps ( s )ln Ps ( s )   s ( s )  2 X u  Pu ( u )ln Pu ( u )   u ( u )
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 ss
2

u

avs   s ( z )  s ( z ) dz   su avs   s ( z ) u ( z ) dz 

 uu
2

avs  u ( z ) u ( z ) dz

c


   ( z ) 2 X s vs  Ps ( s ) ( z  zs ( s ))  2 X u vu  Pu ( u ) ( z  zu ( u ))  a  dz
s
u
0
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(3.16)

s stands for saturated, and u stands for the unsaturated chain. X s is the mole fraction of
saturated chain and

X u is the mole fraction of the unsaturated chain.

For DPPC/Cholesterol monolayer:

F
N

 X s ln X s  X c ln X c  ln a  ln 2  1  a

 2 X s  Ps ( s )ln Ps ( s )   s ( s )  X c ( z ) Pc ( c )ln Pc ( c )   c ( c )
s



 ss
2

c

avs   s ( z )  s ( z ) dz   sc avs   s ( z ) c ( z ) dz 

 cc
2

avs  c ( z ) c ( z ) dz
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X
in which c stands for cholesterol and c is the mole fraction of cholesterol.

3.2. Results and Discussions
The studied lipids are zwitterionic. They have a polar hydrophilic head group
which is responsible for electrostatic interactions and non-polar hydrophobic tails which
are responsible for hydrophobic interactions. In general, three different types of
interactions can be defined: interactions between the chains, interactions between the
head groups, and interactions at the hydrocarbon-water interface. Phosphatidylcholine
(PC) lipids have a uncharged group and therefore, the head group interactions are limited
to steric-hydration forces (Israelachvili 2011). Hydrophilic head groups tend to bind to
water molecules and as a result, a short-range repulsive steric-hydration force forms to
dehydrate the head groups (Israelachvili 2011).

38

3.2.1. Pure Lipid Monolayer
3.2.1.1.DPPC
DPPC is the primary component of lung surfactant (50% of the surfactants in the
alveoli of the lungs) (Mohammad-Aghaie et al. 2010) and the lipid phase transitions of
lung surfactant are responsible for the regulation of surface tension in the lungs (Duncan
and Larson 2008). DPPC is a phospholipid with two 16-carbon saturated chains and a
phosphate group attached to a quaternary amine group. In saturated phospholipids like
DPPC, the chains are mostly in trans conformation and therefore, the molecules are
closely packed (Jurak 2013).
Monolayers of saturated phospholipids (DPPC) have lower surface free energy in
comparison to unsaturated ones (POPC and DOPC) (Jurak 2013). These are all
zwitterionic phospholipids with the same phosphocholine head group but different acyl
chain degree of saturation.
The surface pressure-area isotherms of pure DPPC monolayer have a broad
plateau showing a liquid expanded/liquid condensed phase coexistence region (Miyoshi
and Kato 2015). In surface pressure-area isotherms as the area decrease the surface
pressure increases and the monolayer phase changes. For DPPC starting from high area
per molecule of the surfactant, in the liquid expanded (LE) state, both the hydrophilic
head and the hydrophobic tails are disordered. By lowering the area per molecule or a
phase transition from liquid expanded to liquid condensed (LC) occurs where the
surfactant tails are ordered. The region in the isotherm where decreasing the area per
molecule doesn’t change the pressure is called the phase coexistence region. Then the
pressure continues to increase after the phase transition. It has been reported that a phase

39

collapse (gas to liquid-expanded) might be observed at area per molecules higher than
2
100 A for diacyl lipids. As the monolayer film is compressed, the area per molecule of

the surfactants and the air/water surface tension (73 mN/m) is reduced to 46-48 mN/m
(Evans, Rawicz, and Smith 2013).
The liquid expanded-liquid condensed phase transition is affected by chain
architecture, saturation or unsaturation of the hydrocarbon chain, head group charge,
temperature, compression rate, the composition of the mixed monolayer, and solvent.
When LE-LC transition occurs, the monolayer thickness changes due to the shortening of
the hydrocarbon chains and dehydration of the phospholipid head group with a subtle
change in the orientation of the head group with respect to the monolayer plane
(Mohammad-Aghaie et al. 2010). This transition is very sensitive to the temperature. In
general, by increasing the temperature, the width of coexistence region decreases and it
shifts to the higher surface pressure (Mohammad-Aghaie et al. 2010). In liquid expanded
phase, the P-N dipole of the head group (DPPC) is parallel to the monolayer while in
liquid condensed phase this dipole is perpendicular to the monolayer. However, the
choline head group orientation is almost the same in both LE and LC phases
(Mohammad-Aghaie et al. 2010). The simulated LC-LE transition has been reported to
occur at 70-80 Å2 and equilibrium area per molecule of liquid condensed phase (at 293K)
obtained experimentally is in the range of 42-48 Å2 (Mohammad-Aghaie et al. 2010).
Depending on the temperature and the lipid composition, two different
mechanisms have been suggested for LC-LE phase separation: Nucleation and spinodal
decomposition (S Baoukina, Mendez-Villuendas, and Tieleman 2012). By lowering the
area per molecule of surfactants, liquid condensed domains can form in liquid expanded
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matrix through nucleation mechanism. These domains are formed because of local
compositional fluctuations that are similar to liquid condensed phase. But there is an
energy barrier, so only fluctuations larger than the critical nucleus can overcome this
energy barrier and continue to grow. These domains grow and then merge and eventually
form the liquid condensed phase (S Baoukina, Mendez-Villuendas, and Tieleman 2012).
In the case of spinodal decomposition, there is no energy barrier. A continuous network
of liquid condensed phase domains grows as a result of compositional fluctuations (S
Baoukina, Mendez-Villuendas, and Tieleman 2012).

3.2.1.2.DOPC
DOPC is a phospholipid with two mono-unsaturated (double bonds on carbon 9
and 10) 18-carbon chains. Because of the kink in the hydrocarbon chain as a result of the
double bonds being in the cis configuration, DOPC lipids cannot pack closely and it
exists as a liquid expanded phase (Jurak 2013). However, for DOPC by lowering the area
per molecule of surfactant, the surface pressure increases continuously and no phase
coexistence is observed (Guzman et al. 2012).
The difference between the phase behaviors of saturated (DPPC) and unsaturated
(DOPC) lipids is related to the van der Waals interactions between the hydrocarbon
chains. Saturated lipids have stronger van der Waals bonds that keep them packed
together while unsaturated lipids have weaker van der Waals interactions which hinder
the formation of condensed liquid phase (Guzman et al. 2012). Also, increasing
interactions between the surfactants lower the pressure (Mohammad-Aghaie et al. 2010).
Figure 3.6 shows the pure lipid monolayer isotherms obtained from our theory. As our
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theory predicts, DOPC exhibits a liquid expanded (LE) phase for all surface pressures,
and DPPC undergoes a first-order phase transition from the LE phase to a liquid
condensed (LC) phase near 10 mN/m.

Figure 3.5- Pure DOPC and pure DPPC monolayer isotherms at 25˚C.

The highly-condensed structure of the DPPC monolayer can be attributed to the
all-trans conformation in its acyl chains with strong van der Waals interactions. The
DOPC monolayer shows a more expanded structure. This is associated with the presence
of kink structures induced by the double bonds in the cis conformation of the DOPC acyl
chains. These results are compatible with the experimental results (Jeong et al. 2014) and
show that our exact molecular theory is able to capture the physics of the system.

3.2.1.3.POPC
POPC shows an isotherm with no liquid expanded-liquid condensed phase
transition at room temperature (Huynh et al. 2014). POPC has a cis double bond in
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between C9 and C10 carbon atoms of one of the oleoyl chains. Figure 3.6 compares the
POPC monolayer isotherm with the DOPC monolayer isotherm.

Figure 3.6- Pure POPC and pure DOPC monolayer isotherms at 25˚C.

As it can be seen in Figure.3.7, POPC and DOPC both show liquid expanded
phase for all surface pressures. Because of the fact that POPC has one mono-saturated tail
and DOPC has two mono-unsaturated tail, POPC lipids can pack more closely and the
surface pressure-area isotherm shifts to the left. These results are in good agreement with
the experimental results (Evans, Rawicz, and Smith 2013).

3.2.2. Binary Mixed Lipid Monolayer
3.2.2.1.DPPC/DOPC
The critical temperature (melting temperature) of DOPC lipid is below the room
temperature ( TM  20 °C) and the critical temperature of DPPC lipid is above the room
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temperature ( TM  41 °C) (Kurniawan et al. 2014). Therefore, they are in different phases
at room temperature.
Figure 3.8 shows the pressure-area isotherms of the DPPC, DOPC, and DPPCDOPC binary mixtures with different molar ratios. The isotherms of mixed DPPC-DOPC
fall between isotherms of pure DPPC and pure DOPC. With the increase of the DOPC
component in the mixed monolayer, the pressure-area isotherm gradually moves to the
right, indicating that the molecular density of the monolayer decreases. The LE–LC phase
appears as a shoulder at for the DPPC-DOPC of 3:1, but vanishes for the DPPC–DOPC
of 1:1 and 1:3 which is in agreement with what has been reported in the literature (Qiao
et al. 2013). As a result, the ratio of the saturated and unsaturated components in the
mixed monolayer significantly affects its structure.

Figure 3.7- DPPC/DOPC mixed monolayer isotherms at 25˚C.
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3.2.3. Cholesterol/Phospholipid Monolayer (Binary System)
The cell membrane bilayers of animal tissues contain almost 40 mol% cholesterol
(Evans, Rawicz, and Smith 2013). Fluidity, low permeability, and high mechanical
strength are some benefits of high cholesterol content in bilayer (Evans, Rawicz, and
Smith 2013). Cholesterol controls the physical properties of the biomembranes by
modification of the molecular packing of the lipids (Miyoshi and Kato 2015). It also
controls the fluidity and order-disorder states of the bilayer (Jurak 2013).
Cholesterol consists of a planar tetracyclic ring system with an alkyl side-chain
and a hydroxyl group (McMullen and McElhaney 1996). Van der Waals forces and
hydrophobic forces are known to have the largest contribution to cholesterolphospholipid interactions (McMullen and McElhaney 1996). Cholesterol/phospholipid
concentration ratio, temperature, hydrocarbon chain structure (length and saturation
degree) and the head group of the phospholipid are among those important factors in
determining the cholesterol/phospholipid interactions (McMullen and McElhaney 1996).
It is known that cholesterol has a condensing effect on phospholipid monolayers
regardless of the surface pressure and the chain length (Miyoshi and Kato 2015). This
condensing effect can be studied from different aspects such as molecular packing, tilting
of the headgroups, and ordering of the chains (Jurak 2013). The condensing effect of the
cholesterol has been explained by different models. In “umbrella model”, it is assumed
that the hydrophobic phospholipid acyl chains and an adjacent hydrophobic cholesterol
molecule are squeezed beneath the phospholipid head group (Janout et al. 2010). The
other model is “template model” which explains that the tight packing of the cholesterol
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and phospholipid is because of the high number of contacts between the phospholipid
acyl chains and the planar cholesterol ring (Janout et al. 2010).

3.2.3.1.Cholesterol/DPPC
According to experiments, Cholesterol shows different packing effects in the
mixture. Cholesterol in monolayers is known to decrease the area per molecule of liquidcrystalline state and increase the are per molecule of gel state (McMullen and McElhaney
1996). For example, it shows a condensing effect on liquid-phase lipids, while it changes
solid-phase lipids such as DPPC to liquid-phase. Some simulations show that cholesterol
has a higher affinity for saturated acyl chains (Pitman et al. 2004). In general,
cholesterol’s ability to condense monolayers depends on acyl structure. If the acyl chains
are the same then the head groups determine the amount of condensation effect (Smaby,
Brockman, and Brown 1994).
In a study by Miyoshi and Kato (Miyoshi and Kato 2015), it has been concluded
that adding the cholesterol to DPPC monolayer induces the formation of a phase
(cholesterol-induced condensed phase) that is packed more than the liquid condensed
phase. They have also reported that by increasing the cholesterol mole fraction, they have
observed a narrower phase coexistence region and a slightly higher transition surface
pressure. This condensing effect seemed to be larger at surface pressures less than 10
mN/m suggesting that cholesterol has more condensing effect in the liquid-expanded
phase (Miyoshi and Kato 2015). They explain these observations by suggesting that
cholesterol being intercalated between diacyl-PC lipids works as a spacer and releases the
stress caused by a mismatch between the head group and the hydrocarbon chain. As a
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result, cholesterol reduces the chain tilt with respect to the normal surface (all-trans state)
and accordingly the area per molecule of the lipid molecules (Miyoshi and Kato 2015).
On the other hand, the area per molecule of the cholesterol increases by adding the
diacyl-PC lipid molecules. Miyoshi and Kato (Miyoshi and Kato 2015) explain that the
tight anisotropic packing of the pure cholesterol as a plate-like structure molecule can be
disrupted by adding the diacyl-PC lipids and as a result, the cholesterol molecules can
rotate more easily and have a larger area per molecule. The other possible reason might
be the hydrogen bond formation between the phospholipids and cholesterol that can
restrict the free vibrating motion of the cholesterol molecules and increase the tilt angle
and consequently the surface area per molecule (Miyoshi and Kato 2015).
Mixtures of cholesterol with saturated phospholipids such as DPPC are more
condensed and chain-ordered than those with unsaturated phospholipids (Jurak 2013).
Adding the cholesterol to pure DPPC monolayer shifts the surface pressure-area
isotherms down and to the left (Choi et al. 2014). Smaby et al. have reported that a phase
transition from a liquid-expanded to liquid-condensed state was observed at 8.5 mN/m
for pure DPPC monolayer (Smaby, Brockman, and Brown 1994). With equimolar
cholesterol at 24 °C, the mean molecular area of DPPC at surface pressure of 5 mN/m
decreased by 33 A˚2 (80 to 47 A˚2/PC molecule), at surface pressure of 20 mN/m
decreased by 6 A˚2 (50 to 44 A˚2/PC molecule), and at surface pressure of 30 mN/m
decreased by 5 A˚2 (47 to 42 A2/PC molecule) (Smaby, Brockman, and Brown 1994).
The amount of cholesterol that is required to eliminate the phase transition in
DPPC is known to be 0.2-0.3 (Smaby, Brockman, and Brown 1994). The maximum
condensation of the cholesterol has been observed for saturated acyl chain, particularly
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over liquid expanded phase. Cholesterol is known to reduce the number of trans-gauche
isomerizations in the phospholipid saturated acyl chains (Smaby, Brockman, and Brown
1994).
Head group structure in phospholipids also plays a role in determining the
condensing effect of cholesterol (Smaby, Brockman, and Brown 1994). However, all of
the lipids that have been studied have the same head group (PC) and as a result, the effect
of the head group has not been taken into account here.
Figure 3.9 shows the surface pressure-area curves for pure component DPPC and
for its mixtures with cholesterol. The monolayer of DPPC exhibits a liquid-expanded to
liquid condensed (LE–LC) phase transition evidenced as a plateau in the pressure-area
isotherm. The addition of cholesterol into phospholipid monolayer shifts the isotherm to
the left. By increasing the cholesterol mole fraction, a narrower phase coexistence region
and a slightly higher transition surface pressure have been observed which is in
agreement with experiments (Miñones et al. 2009). Adding the cholesterol to pure DPPC
monolayer shifts the surface pressure-area isotherms to the left This indicates that mixed
cholesterol/phospholipid monolayers are more rigid as compared to pure DPPC films.
This condensing effect of cholesterol on lipid monolayers is well known and has been
frequently described in the literature (Janout et al. 2010; Kim, Kim, and Byun 2001).
Cholesterol being intercalated between diacyl-PC lipids works as a spacer and releases
the stress caused by a mismatch between the head group and the hydrocarbon chain. The
amount of cholesterol that is required to eliminate the phase transition in DPPC is known
to be 0.2-0.3 (Smaby, Brockman, and Brown 1994; Yuan and Johnston 2002).
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Figure 3.8 - DPPC/Cholesterol isotherms at 25˚C.

3.2.3.2.Cholesterol/POPC
In the absence of cholesterol, POPC shows liquid expanded behavior. By adding
the cholesterol, the surface pressure-area isotherms shift to the left. Smaby et al. (Smaby,
Brockman, and Brown 1994) have reported that by adding equimolar cholesterol in the
PC monolayers the mean molecular area of POPC at a surface pressure of 5 mN/m
decreases by 30 A˚2(88 to 58 A˚2/ molecule). Our model shows an increase of 34 A2 by
adding equimolar cholesterol in the pure POPC monolayers (Figure 3.10). Comparing
these results with those from DPPC/Cholesterol shows that attractive interactions of
POPC and cholesterol are weaker than those of DPPC and cholesterol.
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Figure 3.9 - POPC/Cholesterol isotherms at 25˚.

3.2.3.3.Cholesterol/DOPC
Cholesterol interactions with polyunsaturated phospholipid acyl chains can be an
important factor in triggering domain formation in lipid bilayers because of the
incompatibility between the rigid planar shape of cholesterol molecule and disordered
acyl chains of polyunsaturated phospholipids (Pitman et al. 2004). Smaby et al. (Smaby,
Brockman, and Brown 1994) have reported that because of the cis double bond at
position 9 of DOPC, maximal condensation with cholesterol’s planar steroid ring cannot
be achieved. But they have observed an interfacial area reduction for those phospholipids
with double bonds in the first 10 carbons at surface pressures above 8 mN/m.
The number and location of cis double bond in the acyl chain can affect the
interplane interaction of phospholipid with cholesterol (Smaby, Brockman, and Brown
1994). If both acyl chains in PC is unsaturated, then cis double bond position plays a
more important role in determining the cholesterol-induced condensing effect (Smaby,
Brockman, and Brown 1994).
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It has been reported that because of the weak interactions of the unsaturated
phospholipids with cholesterol, cholesterol is less soluble in unsaturated lipids and it has
a higher affinity for DPPC than for DOPC (Jurak 2013). Cis double bonds and as a result
of the kink in DOPC tails makes the packing with cholesterol harder. Because disordered
unsaturated oleoyl chains restrict the conformations and result in an entropic penalty and
higher surface free energy (Jurak 2013). The tilting of the polar headgroups can also
affect the packing of the molecules: in more fluid monolayers such as DOPC and POPC
tilting is larger than tilting in the gel-like monolayers such as DPPC (Jurak 2013).
The mismatch in length and cross section of cholesterol (1.7 nm and 0.37 nm 2)
and phospholipid molecules (3 nm and 0.42-0.62 nm2) can form cavities in the monolayer
(Jurak 2013). Formation of cavities and more loose packing in the monolayer can affect
the interaction of the water with the molecules by formation of hydrogen bonds and polar
forces (Jurak 2013). In general, by increasing the amount of cholesterol, surface free
energy increases and this increase is even larger for unsaturated phospholipids (Jurak
2013).
In a study by Jurak (Jurak 2013) it has been reported that at 20 °C and 35 mN/m,
the phase transition temperature for DPPC is 41 °C for DPPC, −3 °C for POPC, and −18
°C for DOPC, and DPPC forms an ordered gel phase, but POPC and DOPC monolayers
are in a disordered liquid-crystalline (fluid) phase. By adding the cholesterol, both of
these states convert to the liquid-ordered state.
Figure 3.11 shows that DOPC and mixed isotherms of cholesterol–DOPC. The
comparison of theoretical and experimental isotherms (Miñones et al. 2009) proves that
cholesterol exerts on DOPC also a condensing effect. But because of the incompatibility

51

between the rigid planar shape of cholesterol molecule and disordered acyl chains of
polyunsaturated phospholipids, this effect is weaker than those of DPPC and cholesterol.
Because of the cis double bond at position 9 of DOPC, maximal condensation with
cholesterol’s planar steroid ring cannot be achieved It has been reported that because of
the weak interactions of the unsaturated phospholipids with cholesterol, cholesterol is less
soluble in unsaturated lipids and it has a higher affinity for DPPC than for DOPC. Cis
double bonds and as a result of the kink in DOPC tails makes the packing with
cholesterol harder.

Figure 3.10 - DOPC/Cholesterol isotherms at 25˚C.

3.3. Conclusions
Understanding the thermodynamic properties of surfactant molecules and their
structure at different interfaces is important in biochemistry. Again we emphasize here
that experimental conditions can affect the surface pressure-area isotherms significantly.
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Different length and degree of saturation of the phospholipids can change the
cholesterol-phospholipid mixture behavior by changing the Van der Waals interactions,
configurational entropy, and water structure adjacent to the monolayer (Demel, Van
Deenen, and Pethica 1967). In the liquid-condensed state, the hydrocarbon chains are in
all-trans conformations. However, in the liquid-expanded phase, the hydrocarbon chains
contain some gauche conformations which increase the cross-sectional area of the
phospholipid molecules. In general, by adding the cholesterol to the phospholipid film,
the cross-sectional area of molecules reduces depending on the type of the phospholipid.
By decreasing the fatty acid chain length in saturated phospholipids and
increasing the unsaturated bonds in unsaturated phospholipids, the pressure-area isotherm
shifts from a liquid condensed to a liquid expanded state. It has been observed in
experiments that mean molecular area of a mixture of phospholipids is lower than the
mean molecular area of the pure phospholipids (Demel, Van Deenen, and Pethica 1967).
The existence of a kink or double bond in the chain can prevent the unsaturated
molecules from approaching to the cholesterol molecule and this reduces the interactions
of CH2 and cholesterol (Demel, Van Deenen, and Pethica 1967). Saturated molecules
with short chains will also experience smaller Van der Waals interactions and show less
condensing effect with cholesterol. Mixing the phospholipids with cholesterol can also
decrease the configurational entropy of the hydrocarbon chains (Demel, Van Deenen, and
Pethica 1967). The results from our atomistic model are in general agreement with the
experimental results.
The electrostatic dipole-dipole interactions between molecules at the interface
play an important role in the formation of these phases (Mcconnell 1991). The effect of
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water-surfactant interactions and electrostatics associated with head groups can also
affect the structure at the interface (Knobler 1992). Head groups can form hydrogen
bonds (Stefaniu, Brezesinski, and Möhwald 2014). Another important effect of mixing
with cholesterol can be breaking of the water structure close to the monolayer. Hydroxyl
is the only polar group in the cholesterol and that’s why cholesterol has limited hydration
capacity (Mozaffary 1994).
There are some key challenges to model the lipid monolayer at the air-water
interface. A comprehensive model should include both orientational and spatial
correlations. In addition, it’s not easy to detect these two phases (liquid expanded and
liquid condensed) and the phase transition driving force. The lipid molecules don’t have
the head-tail symmetry and in the case of long-chain molecules, the shape and orientation
of the molecule change by changing the density and temperature. The intra- and
intermolecular interactions between the tails are very complex and the interactions
between the head groups and the substrate are not still clear. Our molecular theory
qualitatively captures the physics responsible for the behavior observed in the
experimental systems by incorporating the exact molecular structure of the surfactants
and also by showing the interplay between repulsive interactions, attractive interactions,
and conformational entropy.
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CHAPTER 4
MOLECULAR MODELING OF LIPID/LIQUID CRYSTAL INTERFACE
Biomolecular interactions at biological interfaces are known to induce molecular
reorganization of proteins, lipids, and polysaccharides on the interface as well as several
other chemical species that are present in the local aqueous environment. If we had the
ability to optically witness very specific molecular interactions with biological interfaces,
then we would have the foundation to start designing new bio-sensing technologies. One
very promising step in this direction is using induced defects in liquid crystal (LC) thin
films to detect the presence of biomolecules.
LCs are known to be capable of translating biological interactions into optical
outputs as a result of their ordering transitions (Woltman, Jay, and Crawford 2007). LCs
share properties of both solids and liquids and can exist in intermediate phases between
highly disordered liquids and very ordered crystals, called liquid crystal phases. The LC
molecules must have some type of geometric anisotropy, and they are typically either rod
or disk-like shaped. The shape of the molecules has a major effect on the types of phases
that the particular LC can make. In this study, we are going to be primarily interested in
two phases. One is the isotropic phase in which all of the LC molecules freely sample all
of their rotational degrees of freedom, and the other one is the nematic phase in which the
LC molecules align along a director (a given vector in space). The nematic phase
maintains complete translational degrees of freedom. However, the LC molecules lose
their rotational degrees of freedom and tend to align in the same direction (Figure.4.1).
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Figure 4.1- Schematic of different phases of materials.

Many biological systems including cell membranes, phospholipids, cholesterols,
and DNA are in liquid crystal phase (Woltman, Jay, and Crawford 2007). The long-range
communication (up to 100 µm) between LC molecules (mesogens) and high mobility of
them at the molecular level can amplify and transduce the nanoscopic biological
phenomena into optical signals (Gupta et al. 2008). It is believed that because of longrange orientational ordering of mesogens, they act as an elastic media and by perturbing
the elastic interfacial energies of LCs, ordering transition occurs in the LCs (Lowe and
Abbott 2012). These induced orientational changes of LC molecules by biomolecular
interactions can be observed using cross-polarized light microscopes (Bai and Abbott
2011). LC thin films are highly responsive to surface interactions and they are also
birefringent (optically anisotropic). These two properties make them a very attractive
choice for use in biosensor technologies (Lowe and Abbott 2012). Therefore, in most
biosensor applications the sensing liquid crystal material can be used as an active
substrate for the biological material.
Proposed LC biosensors are composed of a LC-aqueous interface decorated with
a layer of surfactants capable of selectively interacting with biological agents. The
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surfactants reorganize in the presence of the molecules that the sensor is designed to
detect and induce alignment changes in LC. With the presence of a phospholipid
monolayer, for example, the entire liquid-crystal thin film is aligned perpendicular to the
aqueous/liquid-crystal interface (Bai and Abbott 2011). Since the entire layer is oriented
along a common director, the thin film appears black through a cross-polarized light
microscopy (Bai and Abbott 2011). With the introduction of certain enzymes and other
biological molecules into the aqueous environment, the lipid layer can become locally
depleted of lipids and induce an orientational change in the first few molecular layers of
the liquid-crystal thin film. These defects in the liquid-crystal film bring optical changes
that are detected with a cross-polarized light microscope.
Recent studies show very exciting potential advanced applications of LC thin
films interacting with amphiphilic interphases to facilitate label-free optical probing of
biological systems (Lowe and Abbott 2012). These observations show the potential
application of lipid-decorated LCs, for example, reporting of protein-binding events (Luk
et al. 2004), enzymatic processes (Hoogboom et al. 2006), protein-peptide binding event
and peptide immobilization (And et al. 2005) or detecting specific types of molecules like
bacteria and viruses (Chang-Hyun Jang et al. 2006). There are some other liquid crystalbased biosensors that use DNA molecules to detect different molecules at the interface
(Yang et al. 2013; Tan et al. 2014; Munir and Park 2016). Liquid crystal droplets are
another platform for designing the biosensing systems (Chang and Chen 2014; Hu and
Jang 2013). These droplets have larger surface area to volume ratio which facilitates the
reorientations of liquid crystals (Chang and Chen 2014).
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Layers of lipids and other surfactants at the LC-aqueous interface are known as
orienting substrates for nematic liquid crystals. Depending on their structure, surface
molecular density, surface charge, the dipole of the hydrophilic head group, the number
of hydrophilic tails, tail length, and temperature, they can influence the orientation of
nematic liquid crystals, which is known as liquid crystal anchoring.(Kuhnau et al. 1999;
Brake, Mezera, and Abbott 2003). Some studies show the effect of lipid tail structure on
LC/amphiphiles interactions. For example, a study has been done on the effect of
surfactant tail structure on LC ordering transition. It has been observed that although in
the case of the surfactants with branched tail by increasing the concentration a
homeotropic ordering of LCs is observed, a linear lipid doesn’t cause homeotropic
ordering in LCs even after further increasing the concentration (Bai and Abbott 2011). In
another study, lipids with looped conformations at the air-water interface induced planar
ordering in LCs (Bai and Abbott 2011). It has been concluded that the aliphatic tail of
surfactants causes the homeotropic anchoring of LCs. Also, in comparison of the effect of
head group and tail group, a study shows that polymerization of the surfactant
hydrophobic tail changes the ordering of LC from homeotropic to planar, while the
polymerization of the hydrophilic head doesn’t change the ordering of LC (Bai and
Abbott 2011). This is another proof of the effect of the aliphatic tail on LC orientation.
Several studies investigated the effect of the organization of different types of lipids on
the ordering transition of LCs. It has been reported that by decorating the LC/aqueous
interface with two lipids with identical tail structure and tail density, the PEGylated
DPPE lipid monolayers caused a tilted orientation, however, DPPC monolayers induced a
homeotropic orientation (Bai and Abbott 2011).
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LCs are not just passive reporters of interface phenomena. There are also some
studies on the influence of the ordering of the LCs on the interfacial organization of the
lipids and their phase behavior (Bai and Abbott 2011). For example, LC phase transition
from isotropic to nematic phase can cause phase separation of lipid-decorated LC
interface (Lowe and Abbott 2012). This phenomenon is explained by the elasticity of LCs
which is a function of LC film thickness. In other words, LCs can be used to design the
interfaces at which, the phase behavior of lipids or other molecular assemblies can be
manipulated and biological interactions can be controlled.

Figure 4.2- Schematic representation of the experimental studies on using LC/lipid interface for
biosensing applications (Bai and Abbott 2011).

In order to design and develop a LC biosensor, we need to very accurately predict
the molecular reorganization that occurs at the interface between the LC and the
biological molecules that we are detecting. That is the main goal of this study. Given the
recent experimental success of using lipid layers to control the optical properties of
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liquid-crystal materials for diagnostic biomedical sensor applications, our proposed
molecular model will provide the fundamental understanding needed to construct design
platforms for creating highly responsive interfaces to be used as label-free and markerfree biosensors. In this study, we're going to investigate the required concentration of
lipids at the surface that drive orientational transitions in a LC film. We are going to have
a LC thin film with a lipid monolayer at the top. We introduce lipids to the surface and
see how the interactions of the fatty acid chains with the LC molecules affects the
orientation of LC film. The bottom of LC film has homeotropic (perpendicular ordering)
to mimic the experimental setup. By showing the effect of lipid concentration at the
interface on the ordering of LCs, we are also showing how different phases of lipids with
a different area per molecules are inducing ordering transition in LCs. This way, we can
also predict the phase transition of the lipids by changes in the ordering of LCs. A sample
phase diagram showing liquid-condensed and liquid-expanded phases in a monolayer
with the relative alignment of the hydrocarbon chains is shown in Figure 4.3. Starting
with the liquid expanded phase, in which the heads of the molecules are translationally
disordered and the chains are conformationally disordered, by decreasing area per
molecule (increasing surface pressure), the monolayer converts to the liquid condensed
phase (Kaganer, Möhwald, and Dutta 1999).
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Figure 4.3- Liquid expanded/liquid condensed transition in lipid monolayer.

4.1.Theories of Liquid Crystals
In the study of liquid crystals, the most important question that we are trying to
answer is what determines the isotropic-nematic transition or orientational transition of
liquid crystals. First, we need to define the orientational order of liquid crystals.

4.1.1. Orientational order in Liquid Crystals
The second-order symmetric tensor order parameter (the second moment of the
orientation distribution function) which is a molecular description of nematic liquid
crystals is defined as (Hwang and Rey 2006):
1

1

𝑸(𝒙, 𝑡) = 𝑆 (𝒏𝒎 − 3 𝑰) + 3 𝑃(𝒎𝒎 − 𝒍𝒍)

(4.1)

with these properties:
𝑸 = 𝑸𝑇

𝑡𝑟(𝑸) = 0

(4.2.a)

(4.2.b)

The scalar order parameter and the biaxial parameter that measure the degree of
molecular alignment have the values of:
− 1⁄2 ≤ 𝑆 ≤ 1

− 3⁄2 ≤ 𝑃 ≤ 3⁄2

(4.3.a)
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(4.3.b)

The macroscopic orientation of nematic liquid crystals is defined by the orthogonal
director triad (𝑛, 𝑚, 𝑙) in which 𝒏 is the uniaxial director, 𝒎 is the first biaxial director,
and 𝒍, is the second biaxial director:
𝒏∙𝒏=𝒎∙𝒎=𝒍∙𝒍=1

𝒏𝒏 + 𝒎𝒎 + 𝒍𝒍 = 𝑰 (4.4.b)

(4.4.a)

For the isotropic state:
𝑆=0

(4.5.a)

𝑃=0

(4.5.b)

𝑃=0

(4.6.b)

𝑃≠0

(4.7.b)

Therefore, for isotropic phase:
𝑸=0

(4.5.c)

For the uniaxial state:
𝑆≠0

(4.6.a)

and for the biaxial state:
𝑆≠0

(4.7.a)

In the current study, we only examine the uniaxial states. The scalar order parameter,
called Second Legendre Polynomial is defined as:
3

1

𝑆 = 〈𝑃2 (cos 𝜃)〉 = 2 〈𝑐𝑜𝑠 2 𝜃〉 − 2

(4.8)

For a nematic phase in the z-direction, we would get:
−𝑆
2

0

𝑸 = [0

−𝑆

0

0

2

0
0]

(4.9)

𝑆

Here, since we only need the magnitude of nematic order and not the direction of it, we
can only use the scalar order parameter to examine whether we have an isotropic phase
(S=0) or we have a nematic phase (S=1).
In the next section, different theories used for the study of the isotropic-nematic
transition of liquid crystals are presented.
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4.1.2. Landau-de Gennes Theory
The Landau-de Gennes theory is based on having a free energy as a function of
order parameter (Selinger 2016). This theory assumes that the free energy is represented
as power series in the order parameter and is a smooth function of the order parameter.
Also, this theory assumes that only a small number of terms are needed in this power
series because the order parameter is small (Selinger 2016):
1

1

1

2

3

4

𝑓 = 𝑓0 + 𝑎𝑆 2 + 𝑏𝑆 3 + 𝑐𝑆 4 + ⋯

(4.10)

where a, b, c, … are unknown coefficients that are smooth functions of temperature. We
need to minimize the free energy to find the nematic order parameter:
𝜕𝑓
𝜕𝑆

=0

(4.11)

By solving this equation Landau-de Gennes theory can give us information on isotropicnematic transitions only base on macroscopic considerations.

4.1.3. Maier-Saupe Theory
Maier-Saupe theory assumes that for each pair of the molecule, the interaction
potential depends on the relative orientation of two molecules (Selinger 2016). Then by
using a mean-field approximation, the energy, entropy, and subsequently free energy are
calculated. By minimizing this free energy and calculating the order parameter, the
isotropic-nematic transition can be obtained. The interaction potential is defined as
(Selinger 2016):



1
3
3
U int   JP2  cos     J  cos 2      J  n1  n2
2
2
2

63



2

1
 
2

(4.12)

in which n1 and n2 show the orientations of the pair of molecules, θ is their relative
orientation, and J is a positive constant. This potential is minimum when two molecules
are parallel to each other and it is maximum when two molecules are perpendicular. This
means that the Maier-Saupe potential favors the nematic ordering. Because it is not
possible to calculate the exact interactions between molecules, a mean-field theory can be
used to give an approximation of the free energy. By determining the energy and the
entropy, the free energy can be obtained (Selinger 2016):



1
3
E   NN J  n1  n2
2
2



2

1
 
2

(4.13)

N is the total number of molecules and N′ is the number of neighboring molecules that
each molecule interacts with. By using mean-field approximation and neglecting the
correlations between the orientation of molecules and if they fluctuate independently, the
energy can be obtained as (Selinger 2016):

1
E   NN JS 2
2

(4.14)

in which the order parameter is defined as:
2

S



 d  sin  d P2 (cos )  ( , )
0

(4.15)

0

Using the distribution function for molecular orientations, the entropy can be defined as:
2



0

0

 d  sin  d ( , )  1
2



0

0

(4.16)

TSentropy  Nk BT  d  sin  d ( ,  ) log  ( ,  )

64

(4.17)

The next step would be finding the orientational distribution function that gives the
minimum free energy. This approach can give us numerical predictions of isotropicnematic transition temperature.

4.1.4. Onsager Theory
The virial expansion which is, in fact, an empirical systematic correction to the
pressure of an ideal gas at higher densities is written as (Vroege and Lekkerkerker 1992):
𝑃
𝑘𝑇

= 𝜌 + 𝐵2 𝜌2 + 𝐵3 𝜌3 + ⋯

(4.18)

where 𝐵2 and 𝐵3 are the second and the third virial coefficients. Many studies have been
conducted to provide this density expansion with a theoretical background, in particular
through statistical mechanics (Vroege and Lekkerkerker 1992).
If we assume a pairwise interaction 𝑢(𝑖, 𝑗) between particles, the potential energy
𝑈 can be written as a sum over pairs:
𝑈 = ∑𝑖<𝑗 𝑢(𝑖, 𝑗)

(4.19)

Starting from either the canonical or the grand canonical partition function, Boltzmann
𝑈

factor, exp(− 𝑘𝑇), appears in derived expressions and as a result, Mayer function will be
defined as:
Φ(𝑖, 𝑗) = exp (−
Φ(𝑖, 𝑗) = {

𝑢(𝑖,𝑗)
𝑘𝑇

)−1

(4.20)

−1, 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠, 𝑢(𝑖, 𝑗) → ∞
0, 𝑛𝑜𝑛 − 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠, 𝑢(𝑖, 𝑗) = 0

(4.21)

The virial coefficients 𝐵2 are proportional to irreducible cluster integrals 𝛽𝑛−1 of these
Mayer functions (Vroege and Lekkerkerker 1992). Therefore, the second virial
coefficient which shows the interactions between two particles can be written as:
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1

𝐵2 = − 2𝑉 ∫ 𝑑𝑟1 ∫ 𝑑𝑟2 ∫ Φ(𝑟1 − 𝑟2 , Ω1 , Ω2 ) 𝑑Ω1 𝑑Ω2 = −

𝛽1⁄
2

(4.22)

in which Ω(𝜃, 𝜑) expresses the orientation in coordinate system. Also, the third virial
coefficient can be written as:
1

𝐵3 = − 3𝑉 ∭ Φ(1,2)Φ(1,3)Φ(2,3) 𝑑𝑟1 𝑑𝑟2 𝑑𝑟3 = −

2𝛽2⁄
3

(4.23)

In 1949 Onsager (Onsager 1949) recognized that virial expansions could be used
to describe the isotropic-nematic phase transition in solutions of thin rods. According to
Van’t Hoff’s law, there is a similarity between an ideal gas and an ideal solution when
the pressure of the gas is replaced by the osmotic pressure of the ideal solution. If instead
of direct potential 𝑢(𝑖, 𝑗) we use the potential of mean force 𝜔(𝑖, 𝑗) between two solute
particles, the virial expansion for the pressure of imperfect gas can also hold for the
osmotic pressure (Vroege and Lekkerkerker 1992). The potential of mean force takes an
average over all possible configurations of solvent molecules which account for the
interactions among solvent molecules themselves and the interactions of solvent
molecules with the solute particles.
Helmholtz free energy consists of energy-like terms (from virial coefficients) and
the entropy-like terms (entropy of mixing). A virial expansion of the Helmholtz free
energy which can be derived from thermodynamic relations is defined as:
𝜕𝐹

𝜋 = (𝜕𝑉)

𝑁,𝑇,𝜇

(

𝜕𝐹
1
𝜌

𝜕( )

Δ𝐹
𝑁𝑘𝑇

)

=(

𝜕𝐹

𝑁
𝜕( )
𝜌

)
𝑁,𝑇,𝜇

1

= 𝑁(

𝜕𝐹
1
𝜌

𝜕( )

)

(4.24)

𝑁,𝑇,𝜇

= 𝑁𝑘𝑇(𝜌 + 𝐵2 𝜌2 + 𝐵3 𝜌3 + ⋯ )

(4.25)

𝑁,𝑇,𝜇
1

= 𝐹0 + ln(Λ3 𝜌) − 1 + 𝐵2 𝜌 + 2 𝐵3 𝜌2 + ⋯
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(4.26)

For nematic liquid crystals, we should consider a possible non-uniform
orientational distribution function 𝑃(Ω) which is the probability of finding a rigid particle
with an orientation of Ω(θ, φ). If we normalize this distribution function, we would have:
∫ 𝑃(Ω)𝑑Ω = 1

(4.27)

In an isotropic phase, all orientations are equally probable, therefore:
2𝜋

𝜋

∫0 ∫0 𝑃(Ω) sin 𝜃 𝑑θ 𝑑𝜑 = 4𝜋 𝑃(Ω) = 1
1

𝑃𝑖𝑠𝑜 (Ω) = 4𝜋

(4.28)
(4.29)

But in the nematic phase, we have a non-uniform 𝑃(Ω) and an orientational entropy term
should be multiplied by the temperature 𝑇 and subtracted from free energy:
𝑆𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 = −𝑁𝑘 ∫ 𝑃(Ω) ln[4𝜋𝑃(Ω)] 𝑑Ω

(4.30)

Also, all cluster integrals must be averaged over the orientation of particles through the
potential of mean force:
1

𝐵2 = − 2 ∬ 𝛽1 (Ω, Ώ)𝑃(Ω)𝑃(Ώ)𝑑Ω 𝑑Ώ

(4.31)

Onsager suggested that particles of different orientations can be assumed as
belonging to different species. Therefore, we can consider the orientational entropy as the
entropy of mixing.
We need to find the free energy under the condition that the orientational
distribution is given by 𝑃(Ω).
Δ𝐹

𝜇0

= 𝑘𝑇 + ln(Λ3 𝜌) − 1 + ∫ 𝑃(Ω) ln[4𝜋𝑓(Ω)] 𝑑Ω −
𝑁𝑘𝑇
1
2

𝜌 ∬ 𝛽1 (Ω, Ώ)𝑓(Ω)𝑓(Ώ)𝑑Ω 𝑑Ώ + ⋯

(4.32)

For hard rods, if we use the Mayer function and a simple hard particle potential:
{

𝜔 = ∞ ⟶ 𝑓𝑜𝑟 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ⟹ Φ = −1
𝜔 = 0 ⟶ 𝑓𝑜𝑟 𝑛𝑜𝑛 − 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ⟹ Φ = 0
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(4.33)

Therefore, the second virial coefficient will be calculated as half of the excluded volume
of two particles:
1

𝐵2 = − 2𝑉 ∫ 𝑑𝑟1 ∫ 𝑑𝑟2 ∫ Φ(𝑟1 − 𝑟2 , Ω1 , Ω2 ) 𝑑Ω1 𝑑Ω2 =
1

− 2𝑉 ∫𝑜𝑣𝑒𝑟𝑙𝑎𝑝(−1)𝑑𝑟12 𝑑Ω1 𝑑Ω2 =

𝑣𝑒𝑥𝑐𝑙 (Ω,Ώ)
2

(4.34)

This is how the second virial coefficient is related to the excluded volume of two
particles. Therefore, based on Onsager theory, the excess free energy of hard-body
systems can be written in terms of the excluded volume between two particles. The
isotropic to nematic first order phase transition is attributed to either Maier-Saupe theory
of long range forces or Onsager theory of short range repulsive forces (Tjipto‐Margo and
Evans 1990). The Onsager model shows that based on virial expansion, the two particles
excluded volume effect can predict the nematic ordering (Tjipto‐Margo and Evans 1990).
It is proved by Frenkel that only the second virial coefficient is needed to predict the
phase transition of LC (Tjipto‐Margo and Evans 1990). According to Onsager theory, the
orientational distribution function is obtained by minimization of the free energy of a
fluid of hard rods (Tjipto‐Margo and Evans 1990) which will be discussed later in this
chapter.

4.1.5. Anchoring Energy in Liquid Crystals
Nematic liquid crystal based biosensors work based on spatial orientation
heterogeneities (orientation refers to the average molecular orientation of rod-like
molecules described by the unit vector) of nematic liquid crystals induced by
biomolecules such as lipids and proteins on nanostructured substrates supporting the
nematic liquid crystals (Hwang and Rey 2006). There is a strong interaction between the
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nematic liquid crystal and the particle or the substrate. The anchoring strength, 𝑊, is
described as the interaction energy per area and is a function of temperature, composition
and the nature of the liquid crystal, the particle, or the substrate (Hwang and Rey 2006).
The orientation gradient elasticity known as Frank elasticity, 𝐾, is the energy per length.
These two parameters are connected through this equation (Hwang and Rey 2006):
𝐾⁄ = 𝑙
𝑊

(4.35)

in which 𝑙 is an internal length scale (from nanometers to micrometers) known as
extrapolation length, for example, particle/liquid crystal or substrate/liquid crystal. The
significance of this parameter is that, the liquid crystals can see the particle of size 𝑅 > 𝑙
or they can detect geometric flaws of size 𝐻 > 𝑙 in substrates (Hwang and Rey 2006).
That’s how liquid crystals can probe the particle and the surface topography. Typical
kinds of anchoring are: homeotropic or normal orientation, planar or tangential
orientation, and planar degenerate (any orientation on the plane of substrate). The total
free energy of nematic liquid crystal can be written as a sum of the total bulk free energy
and the total surface free energy (Hwang and Rey 2006):
𝐹 = 𝐹𝑏 + 𝐹𝑠

(4.36)

The total bulk free energy consists of the isotropic and gradient energy density
(Frank elastic energy) contributions (Hwang and Rey 2006):
𝐹𝑏 = ∫(𝑓𝑖𝑠𝑜 + 𝑓𝑔 ) 𝑑𝑉

(4.37)

The Frank elastic energy is defined as:
1

1

1

𝑓𝑔 = 2 𝐾11 (∇ ∙ 𝑛)2 + 2 𝐾22 (n ∙ ∇×𝑛)2 + 2 𝐾33 |𝑛×∇×𝑛|2
where 𝐾11 , 𝐾22 , and 𝐾33 are the splay, twist, and bend elastic constants.
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(4.38)

The total interfacial energy is (Hwang and Rey 2006):
𝐹𝑠 = ∫(𝛾𝑖𝑠𝑜 + 𝛾𝑎𝑛 + 𝛾𝑔 ) 𝑑𝐴

(4.39)

in which, 𝛾𝑖𝑠𝑜 is the isotropic interfacial free energy density, 𝛾𝑎𝑛 is the anchoring
interfacial free energy density, and 𝛾𝑔 is the gradient interfacial free energy density.

4.1.6. Density Functional Theory
According to density functional theory (DFT), we can split the free energy
functional of one molecule density distribution, 𝐹[𝜌], in ideal and excess contributions
(Velasco, Mederos, and Sullivan 2000):
𝐹[𝜌] = 𝐹𝑖𝑑 [𝜌] + 𝐹𝑒𝑥 [𝜌]

(4.40)

𝐹𝑖𝑑 [𝜌] is the free energy of a fluid of non-interacting particles (ideal gas free energy
functional) with local density of 𝜌(𝑟, 𝜃, 𝜑) and is defined as:
𝐹𝑖𝑑 [𝜌] = 𝑘𝑇 ∭ 𝑑𝑟 𝑑𝜃 𝑑𝜑 𝜌(𝑟, 𝜃, 𝜑){ln[Λ3 𝜌(𝑟, 𝜃, 𝜑)] − 1}

(4.41)

in which, 𝑘 is the Boltzmann’s constant, 𝑇 is the temperature, and Λ is the thermal
wavelength. This exact expression was first derived by Onsager (Onsager 1949) from the
idea that the ideal free energy can be built from the mixing entropy of a multicomponent
mixture. The ideal free energy can then be split into translational and rotational parts:
𝛽𝐹𝑖𝑑 [𝜌]
𝐴

+∞

= ∫−∞ 𝑑𝑧 𝜌(𝑧) {ln[Λ3 𝜌(𝑧)] − 1} +

+∞

∫−∞ 𝑑𝑧 𝜌(𝑧) ∫ 𝑑Ω 𝑓(𝑧, Ω) ln 4𝜋𝑓(𝑧, Ω)

(3.42)

in which Ω(𝜃, 𝜑) is the orientation function. The excess part contains the effect of
interactions and is not an exact expression. Two types of methods have been applied to
construct the 𝐹𝑒𝑥 [𝜌]: the Onsager theory, which is based on the concept of excluded
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volume, and other theories which are based on weighted densities (Velasco, Mederos,
and Sullivan 2000; de las Heras, Velasco, and Mederos 2005).

4.2. Model Description
Our aim is to use a molecular theory to develop a molecular model of interactions
occurring at the lipid/liquid crystal interface. By calculating the ensemble average of all
of the interactions from all of the other molecules on a single molecule of the liquid
crystal at a given thermodynamic state, which is known as the potential of mean force,
we can design the functionalized lipid layers interacting with the nematic liquid crystal
layer. Potential of mean force is the work required to bring the lipid in conformation 𝛼𝑖
next to the interface, or in other words, the surface anchoring energy. The internal energy
of the lipid conformation, and the intermolecular repulsive interaction term determine the
potential of the mean force (Fang and Szleifer 2001). The potential of mean force helps
us to quantify the surface anchoring energies of various lipid mixtures as a function of
lipid chain length, or chemical composition of the lipid head group. Also, the elastic
energy of the nematic liquid crystal phase can be calculated through the potential of mean
force.
The studied liquid crystal is the commonly used nematic liquid crystal 5CB (4Cyano-4'-pentylbiphenyl) (Figure 4.4). It consists of two rigid benzene rings which are
connected to a hydrocarbon chain. At a coarse-grained level, the entire liquid crystal
molecule is considered as simply an ellipsoid and detailed molecular structure of them is
neglected. LC molecules are modeled as ellipsoids with the long axis of 𝑐 and the short
18°𝐴
axis of 𝑎 and 𝑐⁄𝑎 ≈ 6°𝐴 = 3. The orientation of the nematogens are defined by a polar
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angle, 𝜃 ∈ [0, 𝜋] , and an azimuthal angle, 𝜑 ∈ [0, 2𝜋] in the spherical coordinate
(Figure 4.4). Therefore, the unit vector in the direction of spheroid long axis is defined as
𝑢 = (sin 𝜃 cos 𝜑 , sin 𝜃 sin 𝜑 , cos 𝜃).

Figure 4.4- Molecular structure of the 5CB liquid crystal and its orientation in the spherical
coordinate.

We are going to investigate the effect of changing the concentration of the DLPC
lipid (1,2-dilauroyl-sn-glycero-3-phosphocholine) on the orientation transition of the
nematic liquid crystals. DLPC is a phospholipid with two 12-carbon saturated chains and
a phosphate group attached to a quaternary amine group. The structure of this lipid is
shown in Figure 4.5.

Figure 4.5- Molecular structure of DLPC lipid.
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The molecular model is a thermodynamic approach based on the free energy of
Helmholtz suggested by Onsager. The idea is to write the free energy of the system as a
functional of the different molecular species density distribution in solution, the
conformation probabilities, and the interaction fields. The free energy functional of LCs
is written in terms of density of nematogens, 𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑) and the local density of solvent,
𝜌𝑠 (𝑧). The final form can be written as (Uline, Meng, and Szleifer 2010):
𝛽𝐹
= ∫ 𝜌𝑠 (𝑧)(ln(𝜌𝑠 (𝑧)𝑣𝑠 ) − 1) 𝑑𝑧
𝐴
+

1
𝑓 (𝛽𝜇𝑙𝑐 ) ∭ 𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑) (∭ 𝜌𝑙𝑐 (𝑧́ , 𝜃́ , 𝜑́ )𝑏(𝑧, 𝑧́ , 𝜃, 𝜃́ , 𝜑, 𝜑́ ) sin 𝜃́ 𝑑𝜃́𝑑𝜑́ 𝑑𝑧́ ) sin 𝜃 𝑑𝜃𝑑𝜑𝑑𝑧
2(4𝜋)2 𝐿
1

+ 4𝜋 ∭ 𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑)(ln(𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑)𝑣𝑠 ) − 1) sin 𝜃 𝑑𝜃𝑑𝜑𝑑𝑧

(4.43)

where 𝛽 = 1⁄𝑘𝐵 𝑇. The first term is the z-dependent translational (mixing) entropy of the
solvent molecules (mobile species) with 𝜌𝑠 (𝑧) representing the solvent density profile and
𝑣𝑠 , is the solvent volume. The second term is the Onsager-like pair repulsion interaction,
where 𝑏(𝑧, 𝑧́ , 𝜃, 𝜃́ , 𝜑, 𝜑́ ) is the second virial coefficient between a pair of nematogens with
center of masses at the planes 𝑧 and 𝑧́ and orientations (𝜃, 𝜑) and (𝜃́, 𝜑́ ). The prefactor in
the Onsager-like term, 𝑓𝐿 (𝛽𝜇𝑙𝑐 ) gives a better description of the bulk isotropic-nematic
transition (Uline, Meng, and Szleifer 2010). The third term is the translational-rotational
entropy of nematogens. We assume that all the inhomogeneities are in the z-direction and
the system is homogenous in the x and y-directions.
The ensemble average volume fraction of nematogen at layer z is (Uline, Meng,
and Szleifer 2010):
〈𝜙𝑙𝑐 (𝑧)〉 =

1
4𝜋

∭ 𝜌𝑙𝑐 (𝑧́ , 𝜃, 𝜑)𝑣𝑙𝑐 (𝑧 − 𝑧́ , 𝜃, 𝜑) sin 𝜃 𝑑𝑧́ 𝑑𝜃𝑑𝜑
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(4.44)

where 𝑣𝑙𝑐 (𝑧 − 𝑧́ , 𝜃, 𝜑) sin 𝜃 𝑑𝑧́ 𝑑𝜃𝑑𝜑 is the volume occupied by nematogen at the center
of mass 𝑧́ and orientation (𝜃, 𝜑) between 𝑧 and 𝑧 + 𝑑𝑧.
The volume fraction of solvent at layer 𝑧 is written as (Uline, Meng, and Szleifer
2010):
𝜙𝑠 (𝑧) = 𝜌𝑠 (𝑧)𝑣𝑠

(4.45)

The volume of the solvent can be considered to be equivalent to the volume of free space.
Thus, this modeled system is also valid for experimental systems without solvent.
At each of those layers between 𝑧 and 𝑧 + 𝑑𝑧 the volume is occupied by
nematogen and solvent. Therefore, the packing constraint for the intermolecular
repulsions can be written as:
𝐵 = 〈𝜙𝑙𝑐 (𝑧)〉 + 𝜙𝑠 (𝑧) = 1

0≤𝑧≤𝐿

(4.46)

Introducing Lagrange multiplier 𝜋(𝑧), associated with the packing constraint, functional
minimization of the free energy subject to the packing (incompressibility) constraint can
be derived. The extremums of the functional with respect to 𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑) and 𝜌𝑠 (𝑧),
provides the explicit expressions for the volume fraction of liquid crystals and solvent.
The equilibrium state of the system is provided by the minimization of the free energy
(Fang and Szleifer 2001). The nematogen density is calculated as follows:
𝛿(

𝛽𝐹
+∫ 𝛽𝜋(𝑧)(𝐵−1)𝑑𝑧)
𝐴

𝛿(𝜌𝑙𝑐 (𝑧,𝜃,𝜑))
1

=0

́

(4.47)
́

́

́

𝑓 (𝛽𝜇𝑙𝑐 ) ∭ 𝜌𝑙𝑐 (𝑧́ , 𝜃, 𝜑́ )𝑏(𝑧, 𝑧́ , 𝜃, 𝜃, 𝜑, 𝜑́ ) sin 𝜃 𝑑𝜃𝑑𝜑́ 𝑑𝑧́
4𝜋 𝐿
(ln(𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑)𝑣𝑠 ) − 𝛽𝜇𝑙𝑐 ) + ∫ 𝛽𝜋(𝑧́ )𝑣𝑙𝑐 (𝑧 − 𝑧́ , 𝜃, 𝜑)𝑑𝑧́ = 0

+
(4.48)

𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑)𝑣𝑠 =

𝑒 𝛽𝜇𝑙𝑐−𝛽 ∫ 𝜋(𝑧́

)𝑣𝑙𝑐 (𝑧−𝑧́ ,𝜃,𝜑)𝑑𝑧́ −

1
𝑓 (𝛽𝜇𝑙𝑐 ) ∭ 𝜌𝑙𝑐 (𝑧́ ,𝜃́,𝜑́)𝑏(𝑧,𝑧́ ,𝜃,𝜃́,𝜑,𝜑́) sin 𝜃́𝑑𝜃́𝑑𝜑́𝑑𝑧́
4𝜋 𝐿
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(4.49)
The solvent volume fraction is given by:
𝛿(

𝛽𝐹
+∫(𝐵−1)𝛽𝜋(𝑧)𝑑𝑧)
𝐴

𝛿(𝜌𝑠 (𝑧))

=0

(4.50)

ln(𝜌𝑠 (𝑧)𝑣𝑠 ) + 𝑣𝑠 𝛽𝜋(𝑧) = 0

(4.51)

𝜙𝑠 (𝑧) = 𝜌𝑠 (𝑧)𝑣𝑠 = exp(−𝛽𝜋(𝑧)𝑣𝑠 )

(4.52)

The only unknown is the Lagrange multiplier, which is obtained by replacing the explicit
expressions for density profiles and volume fractions into the constraint equation. This
equation shows that the Lagrange multiplier is related to the z-dependent osmotic
pressure necessary to keep the chemical potential of the solvent constant at all values of
z.

4.3. Second Virial Coefficient Calculation
As it was proved before that there is a relation between the second virial
coefficient and the excluded volume, based on that we calculated the excluded volume of
each two pairs of molecules in the system. The system is discretized into layers with 0.3
nm thickness in the Z-direction. As an example, the excluded volume of a molecule with
𝜃 = 0 has been shown in the Figure 4.6.
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Figure 4.6- Excluded volume (dashed black ellipsoid) of an ellipsoid with 𝜃 = 0.

As it can be seen in Figure 4.7, millions of points are then generated randomly as
the center of each ellipsoidal molecule in a volume of:
𝑣 = [2𝐶 − (−2𝐶)]×[2𝐶 − (−2𝐶)]×(𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛 ) = 16𝐶 2 (𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛 )

(4.53)

On each of these points, we can generate the ellipsoid unit vector with different
orientations. The polar angle which is in the range of [0, 𝜋⁄2] (because of the symmetry)
has been discretized into n=41 different angles and the azimuthal angle which is in the
range of [0,2𝜋] has been discretized into m=21 different angles and. Using Perram’s
overlap criterion (Perram and Wertheim 1985) we checked whether each two particles
with different pairs of orientations (𝜃𝑛 , 𝜑𝑚 ) overlap. If they overlap the contact function
is less than one and if they don’t overlap it’s greater than one (Perram and Wertheim
1985). Then for each pair, in each layer, we calculated the number of accepted points
(those which don’t overlap). Dividing the number of accepted points by the number of
the total generated points and multiplying that by 𝑣 excluded volume is calculated.
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Figure 4.7- Excluded volume calculation.

In order to verify the results for calculated excluded volume, we compared them to an
analytical solution for excluded volume of two ellipsoids (A. Isihara 1991):
𝑎2

𝑉=

𝑎2
𝑐2

𝜋
2
√𝑐𝑜𝑠2 𝜃+𝑎2 𝑠𝑖𝑛2 𝜃
𝑐

1

𝑐𝑜𝑠2 𝜃𝑠𝑖𝑛2 𝜃( 2 −1)
𝑐

[𝑎2 (𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛 ) + 3 (

𝑎2

𝑐𝑜𝑠2 𝜃+ 2 𝑠𝑖𝑛2 𝜃
𝑐

− (𝑠𝑖𝑛2 𝜃 +

𝑐𝑜𝑠 2 𝜃)) (𝑧𝑚𝑎𝑥 3 − 𝑧𝑚𝑖𝑛 3 )]

(4.54)

We were able to find a polynomial which calculates the excluded volume as a function of
the dot product of two ellipsoids’ unit vector and the volume of ellipsoids:
𝑥

sin 𝜃1 × cos 𝜑1

(𝑦11) = ( sin 𝜃1× sin 𝜑1 )
𝑧1

(4.55.a)

𝑥

sin 𝜃2 × cos 𝜑2

𝑧2

cos 𝜃2

(𝑦22) = ( sin 𝜃2× sin 𝜑2 )

cos 𝜃1

𝜔 = 𝑥1 ×𝑥2 + 𝑦1 ×𝑦2 + 𝑧1 ×𝑧2

(4.55.b)

(4.56)

𝑝 = −0.4469000473618510×𝜔6 + 0.9536169990897180×𝜔5 −
0.8733721002936370×𝜔4 + 0.2956770434975630×𝜔3 − 0.4474377986043690×
𝜔2 + 0.0004765935009346×𝜔 + 1.5180343332758600
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(4.57)

Finally, excluded volume can be written as:
4

𝑏 = 8× (3 𝜋𝑎2 𝑐) ×𝑝

(4.58)

The obtained results from this polynomial are compared to the Tjipto-Evans’s polynomial
(Tjipto‐Margo and Evans 1990) for excluded volume as a function of dot products, and as
it can be seen in Figure 4.8, they are in good agreement with Tjipto’s polynomial.

Figure 4.8- Comparison of Tjipto’s polynomial and polynomial obtained by MC calculation.

Considering the liquid crystal molecules as ellipsoids (with c/a=3) and defining
each of those molecules by a unit vector in the direction of the major axis, we would be
able to define an order parameter for the system. This order parameter can be a function
of polar angle, azimuthal angle, density (or volume fraction) of molecules. The amount of
orientational order in liquid crystals is defined by the average of the second Legendre
polynomial and is called the order parameter:
3

1

𝑆 = 〈𝑃2 (cos 𝜃)〉 = 2 〈𝑐𝑜𝑠 2 𝜃〉 − 2

(4.59)
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in which 𝜃 is the angel between long axis of the spheroid and the director (normal to the
interface). For an isotropic fluid, 𝑆 = 0. The value of 𝑆 changes from −0.5 (parallel to
the interface, 𝜃 = 𝜋⁄2) to 1 (perpendicular to the interface, 𝜃 = 0). The normalized
order parameter that we use here is defined as:
𝐿 2𝜋 𝜋

𝑆=

𝐿 2𝜋 𝜋⁄2

=

3 ∫0 ∫0 ∫0
2

3

1

∫0 ∫0 ∫0 𝑓(𝜃,𝜑,𝑧)(2𝑐𝑜𝑠 2 𝜃−2) sin 𝜃𝑑𝜃 𝑑𝜑 𝑑𝑧
𝐿 2𝜋 𝜋
∫0 ∫0 ∫0 𝑓(𝜃,𝜑,𝑧) sin 𝜃𝑑𝜃 𝑑𝜑 𝑑𝑧
𝜌𝑙𝑐 (𝜃,𝜑,𝑧)𝑐𝑜𝑠 2 𝜃 sin 𝜃𝑑𝜃 𝑑𝜑 𝑑𝑧

𝐿 2𝜋 𝜋⁄2
∫0 ∫0 ∫0 𝜌𝑙𝑐 (𝜃,𝜑,𝑧) sin 𝜃𝑑𝜃

𝑑𝜑 𝑑𝑧

−

1
2

(4.60)

To obtain numerical results from the molecular theory, we need to solve the nonlinear
integral-differential equation system that is obtained by substituting the expressions for
liquid crystal density into the packing constraint.

4.4. Bulk Liquid Crystal
Using the excluded volume calculated by the proposed polynomial, starting with a
nematic phase (initial volume fraction of LC=0.7), the order parameter, chemical
potential, and free energy is calculated for an initial planar and initial homeotropic
nematic phases.
For a system with all of the molecules aligned homeotropically, we would get
S=1, and with all the molecules aligned parallel to the surface, S=-0.5. When there is no
orientational order (isotropic phase) then we would have S=0. The results for a bulk
liquid crystal film are given in Figures. 9-11. Order parameter changes from 0 to 1 for
homeotropic nematic phase and 0 to -0.5 for a planar nematic phase.
The predicted bulk isotropic-nematic transition is in accord with molecular
simulations. According to Frenkel (Frenkel and Mulder 1985), the transition for the hard
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ellipsoid of c/a=3 occurs at a volume fraction of 0.52. As it has been shown in Figure 4.9,
our results show that the transition occurs at a volume fraction of 0.56.

Figure 4.9- Order parameter changes due to the LC density changes.

Figure 4.10- Free energy calculation for two different initial anchoring.
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Figure 4.11- Chemical potential changes due to the LC density changes.

4.5. Liquid Crystal/Hard Wall
In order to model LC/hard-wall interactions, we basically constrain the size of the
system so that the molecules can’t go through the hard-wall. In fact, we’re constraining
the center of mass of the molecules in the Z-direction. Based on the chemical potential
results that were obtained from the bulk LC, we would have a bulk LC between hard
walls with a constant chemical potential. These walls should be far enough so that the
bulk LC between them coincides with our fixed chemical potential. Because of the
inhomogeneities in layers next to the wall, the density profile of nematogens will be
different from the bulk LC between walls. The hard walls break the symmetry and force
the nematic phase to order parallel to the wall and enhance the nematogen density profile
at the interface. Figure 4.12 shows the average orientational order parameter as a function
of the nematogen chemical potential for different systems.
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Figure 4.12- Average orientational order parameter as a function of the nematogen chemical
potential for a 100 nm and 20nm LC film between the walls.

As it can be seen in Figure 4.12, at the low chemical potential the order parameter
is low and close to zero, showing an isotropic phase. At a certain nematogen chemical
potential, there is a sharp jump of the order parameter to a positive value (bulk) or a
negative value (between hard-wall), which is a characteristic of a nematic phase. The
sharp jump in S shows the isotropic-nematic transition. The chemical potential of the
isotropic-nematic transition in the thin film is different from the bulk and depends on the
film thickness. We can conclude that constraining the nematogens to a film results in a
shift of the chemical potential for the isotropic-nematic transition. The hard wall shifts
the chemical potential of the isotropic-nematic transition downward. The shifts are due to
the fact that the repulsive surfaces always disturb the order as compared to the bulk
conditions and they cause a density enhancement of the nematogens at the interface.
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4.6. Modeling of Lipid/Liquid Crystal
The free energy functional for the bulk liquid crystal with a lipid monolayer on
the top and homeotropic anchoring at the bottom (like OTS-coated glass in the
experimental systems) is written in terms of the probability of finding a surfactant in
conformation 𝛼 or probability distribution function (PDF) of surfactant, 𝑃𝑙𝑖𝑝 (𝛼), density
of nematogens, 𝜌𝑙𝑐 (𝑧, 𝜃, 𝜑) and the local density of solvent, 𝜌𝑠𝑜𝑙 (𝑧). The final form can
be written as:

F

     sol ( z ) ln   sol ( z )vsol   1 dz

A

 lip ln(

lip  2
e

)

2 Nlip
A
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(4.61)

The first term accounts for surface tension at air-water interface (γ=72 mN/m). The
second term is the z-dependent translational (mixing) entropy of the solvent molecules
(mobile species) with 𝜌𝑠𝑜𝑙 (𝑧) representing the solvent density profile, and 𝑣𝑠𝑜𝑙 the
solvent volume. The third term is the translational entropy of the lipids. The forth term is
the lipid conformational entropy and internal energy of the conformation 𝛼𝑖 and

𝑁𝑙𝑖𝑝
𝐴

is

the lipid surface coverage. The sums over all lipid conformations are treated by
considering a large representative set of conformations for each chain in the periodic box
that are randomly generated in free space with the Rotational Isomeric model. The fifth
term is the translational-rotational entropy of nematogens where the chemical potential
term ensures the equilibrium with bulk. The sixth term shows the anchoring potential
responsible for making the ordering of the liquid crystals at the bottom homeotropic
(perpendicular to the surface). The seventh term is the Onsager-like pair repulsion
interaction, where 𝑏(𝑧, 𝑧́ , 𝜃, 𝜃́, 𝜑, 𝜑́ ) is the second virial coefficient between a pair of
nematogens with center of masses at the planes 𝑧 and 𝑧́ and orientations (𝜃, 𝜑) and (𝜃́, 𝜑́ )
and 𝑓𝐿 (𝛽𝜇𝑙𝑐 ) is the isotropic-nematic transition prefactor. We assume that all the
inhomogeneities are in the z-direction and the system is homogenous in the x and y
directions. Finally, the last term is the incompressibility constraint for the whole system
consisting of liquid crystals, lipids, and solvent.
At each of those layers between 𝑧 and 𝑧 + 𝑑𝑧 the volume is occupied by
nematogens, solvent, and lipids. Therefore, the packing constraint for the intermolecular
repulsions can be written as:

 sol ( z )  lc ( z )  lip ( z )  1

(4.62)
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The volume fraction of solvent at layer 𝑧 is written as (Uline, Meng, and Szleifer
2010):

sol ( z)  sol ( z)vsol

(4.63)

The ensemble average volume fraction of nematogens at layer z is (Uline, Meng,
and Szleifer 2010):

lc ( z ) 

1
4

   z, ,  v  z  z, ,  sin  d dzd
lc

lc

(4.64)

where 𝑣𝑙𝑐 (𝑧 − 𝑧́ , 𝜃, 𝜑) sin 𝜃 𝑑𝑧́ 𝑑𝜃𝑑𝜑 is the volume occupied by nematogen at the center of mass
𝑧́ and orientation (𝜃, 𝜑) between 𝑧 and 𝑧 + 𝑑𝑧.

The ensemble average volume fraction of the lipids at layer z is written as:

lip ( z )  


2 Nlip
A

Plip ( )n( , z )

(4.65)

where 𝑛(𝛼𝑖 ; 𝑧)𝑑𝑧 is the volume occupied by lipids between 𝑧 and 𝑧 + 𝑑𝑧.
Introducing Lagrange multiplier 𝜋(𝑧), associated with the packing constraint,
functional minimization of the free energy subject to the packing (incompressibility)
constraint can be derived. The extremums of the functional with respect to lc  z, ,   ,

sol ( z ) , and Plip ( ) provides the explicit expressions for the volume fraction of liquid
crystals, solvent, and the probability distribution function of the lipids. The equilibrium
state of the system is provided by the minimization of the free energy.
The nematogen density is calculated as follows:
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 A  0
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(4.66)
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The probability distribution function for lipids is obtained with the same method:
 F 


 A  0
Plip ( )

Plip ( ) 

(4.68)

1
exp    ( )    ( z )n( , z )vCH 2 dz 
qlip

(4.69)

where 𝑞𝑙𝑖𝑝 is the normalization constant, which insures that ∑ 𝑃𝑙𝑖𝑝 (𝛼) = 1.
The solvent volume fraction is obtained as:
 F 


 A  0
 s ( z )

(4.70)

sol ( z )  sol ( z )vsol  exp   ( z )vsol 

(4.71)

The only unknown is the Lagrange multiplier, which is obtained by replacing the explicit
expressions for PDF and density profiles and volume fractions into the constraint
equation. This equation shows that the Lagrange multiplier is related to the z-dependent
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osmotic pressure necessary to keep the chemical potential of the solvent constant at all z.
By substituting the expressions for liquid crystal density, solvent density, and lipid
volume fraction into the packing constraint we can solve the system of nonlinear integraldifferential equations numerically.

4.7. Results and Discussions
Now that we have modeled bulk liquid crystal, liquid crystal/hard wall, and
lipid/liquid crystal interface, we can combine them all together to build a model based on
the experiments. At the bottom, liquid crystals will have a homeotropic (perpendicular)
anchoring, because in experimental setups the liquid crystals are in contact with, for
example, an OTS-coated glass that induces homeotropic anchoring. In order to induce a
homeotropic anchoring we use this anchoring potential (Meng 2008):

U lc  s  z,    exp(

1
 z  c)  P2  cos  
c

(4.72)

Figure 4.13 shows how applying this anchoring potential changes the order parameter to
a positive value which represents homeotropic anchoring.
With a homeotropic anchoring at the bottom and then bulk liquid crystal in the
middle and a lipid monolayer at the top, we will have the final form of this biosensing
system. Any biological event at the interface, such as an enzymatic reaction, or a protein
binding, will change the lipid concentration at the interface. Therefore, we will change
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the concentration of lipids in lipid monolayer to show how this change in concentration
can affect the ordering of liquid crystals.

Figure 4.13- Homeotropic anchoring potential at the bottom of the system.

Figure 4.14 shows the effect of changing lipid concentration on ordering
transition of liquid crystals. Starting with an area per molecule of 0.35 nm2/molec, the
order parameter has a positive value meaning that lipids induce homeotropic ordering in
liquid crystals. Then at a certain LC chemical potential (µlc=34.9), a transition from
homeotropic to isotropic state is predicted by this model. By increasing the area per
molecule to 0.55 nm2/molec, again a homeotropic ordering is predicted by the transition
occurs at µlc=34.7. Lipids density can affect the liquid crystal density and as equation
(4.67) shows there is a relation between the liquid crystal density and liquid crystal
chemical potential. Therefore, by changing the lipid concentration the chemical potential
of liquid crystals will change. By further increasing the area per molecule to 0.65
nm2/molec, the order parameter shows a negative value or a planar ordering for liquid
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crystals. At area per molecule of 0.85 nm2/molec, again a planar ordering is predicted at a
different liquid crystal chemical potential.

Figure 4.14- Effect of lipid concentration on the orientational ordering of liquid crystals.

4.8. Conclusions
The molecular model predicts that at an area per molecule of less than 0.55
nm2/molec, liquid crystals show a homeotropic ordering and by increasing the area per
molecule to higher than 0.55 nm2/molec, liquid crystals will show a planar ordering. This
theoretical model qualitatively captures the relevant physics observed in the experiments
by showing the interplay between repulsive interactions, conformational and orientational
entropy. We have shown that changing the lipids concentration can induce ordering
transition in liquid crystals and also liquid crystals can potentially predict the phase
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transition in the lipid monolayers. Therefore, this molecular model can help us to design
the liquid crystal-lipid interface for biosensing applications.
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CHAPTER 5
FUTURE WORK
In this work, we studied the nematic phase of liquid crystals for the biosensing
applications. Nematic phase is known to have the fastest response among other phases of
liquid crystals. Because the nematic phase is least ordered and most fluid-like phase of
the liquid crystals (Mater et al. 2017).
There are many other phases of liquid crystals that can be used for different types
of applications. Smectic phase and chiral nematic phase are two other phases of liquid
crystals that recently have been used for biosensing.

Figure 5.1- Three main types of thermotropic liquid crystals.

In Smectic A phase, the molecules are arranged in layers and in each layer, all of
the molecules are parallel to one another. Therefore, Smectic A phase shows quasi-longrange positional order. Smectic liquid crystals can extend the sensing range, which means
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that unlike the nematic phase, the smectic phase is responsive to very high and very low
concentration of lipids (Mater et al. 2017).

Figure 5.2- From left to right: texture of the smectic phase at air/pure water interfaces; texture of
the smectic phase at air/(water + 50 nM DLPC) interfaces after cooled back from the nematic
phase; side view of the toric focal conic domains (TFCDs) structure of a smectic LC in hybrid
alignment (Mater et al. 2017).

The chiral nematic (cholesteric) phase is very similar to the nematic phase.
However, because of the gradual change in the director and twist along one axis, a helical
phase forms. Recently, it has been reported that blue phase liquid crystals that are
strongly chiral nematic, can be used in label-free protein sensing (Mater et al. 2017).

Figure 5.3- Using chiral nematic liquid crystals for biosensing (Mater et al. 2017).
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Other than biosensing, liquid crystals can be used for drug delivery applications.
Over the last two decades, it has been recognized in the drug delivery community that waterbased lyotropic liquid crystal (LLC) phases can also be used as viable matrices for the
sustained and controlled release of drugs. The fact that many LLC phases have periodic
nanometer-scale pores allows for a high and uniform loading of drugs, as well as good
controlled diffusion out of the pores (Drummond and Fong 1999). In addition, the ability of
unpolymerized LLC assemblies to be dispersed by triggered changes in solvent concentration
or temperature allows for easy removal of the delivery matrix at a desired point in time.

Matrices for drug delivery must meet certain criteria, such as non-toxicity, compatibility
with the drug to be delivered, good chemical stability under physiological conditions, and
eventual biodegradability/excretion from the body (Boyd et al. 2006). Having these
characteristics, liquid crystals seem to be ideal candidates for controlled drug delivery.
Only certain LLC phases containing open water channels or pores (i.e., the L and
inverted (type II) LLC phases) have been explored for drug delivery because most drugs
are hydrophilic or water-soluble molecules (Drummond and Fong 1999). As such, LLC
phases containing water compartments are required for initially encapsulating these drugs
and then performing the controlled and sustained release. Only a few surfactant systems
and their derivatives have been explored as LLC-based drug delivery systems because of
the chemical and physiological compatibility requirements listed above, and because of
cost and availability issues. The structure of cubic mesophases is unique and comprises a
curved bicontinuous lipid bilayer (with an estimated thickness of 3.5 nm) extending in
three dimensions and two interpenetrating, but non-contacting, aqueous nano-channels
(Guo et al. 2010). The compartmentalization in cubic mesophases can be used to
introduce guest drugs of hydrophilic, lipophilic or amphiphilic nature (Figure.5.4).
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Hydrophilic drugs will be located close to the emulsifier polar head or in the water
channels, whereas lipophilic drugs will be localized within the lipid bilayer and
amphiphilic drugs in the interface. Hexagonal mesophases are closed and extended
micellar columnar structures and the long-range order is two-dimensional. It has been
reported that there is no direct contact between water inside and outside the hexagonal
phases (Guo et al. 2010). As can be seen in Figure.5.4, hydrophilic drugs will be
entrapped in the internal water domain, whereas lipophilic drugs will be located within
the lipid domain and amphiphilic drugs in the interface.

Figure 5.4-Possible localizations of drugs in reversed bicontinuous cubic and hexagonal
mesophases (Guo et al. 2010).

Although experiments show the potential of using liquid crystals in drug delivery,
still no work has been done on the modeling of these systems. A molecular model that
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can predict the phase transition of liquid crystals as a response to stimuli, such as
temperature, pH, etc. can help us to design the controlled drug delivery.
In the future, more areas of applications for liquid crystals will be discovered. The
ongoing research on liquid crystals will be more efficient if it is accompanied by a
molecular model to explain their phase behavior.
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